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Kurzfassung
In dieser Arbeit wurde eine Stichprobe von 39 ra¨umlich aufgelo¨sten Tru¨mmerschreiben um AFGKM-
Sterne mit der Absicht untersucht, Korrelationen zwischen den Zentralsternparametern der Tru¨mmer-
scheibensysteme und den Scheibenparametern an sich zu finden. Eine Hu¨rde war dabei die Entartung
zwischen den Staubteilchengro¨ßen und der Entfernung des Staubes vom Zentralstern. Kleine Partikel
in einer großen Entfernung lieferten a¨hnliche Ergebnisse wie große Teilchen na¨her am Stern. Je-
doch konnten durch die ra¨umliche Auflo¨sung der Scheiben deren Radien mittels einer neuen Methode
bestimmt und so die Entartung gebrochen werden. Die gewa¨hlte Stichprobe stellt die bis dato gro¨ßte
analysierte Sammlung von ra¨umlich aufgelo¨sten Scheiben dar, wobei die Modellierung der spektralen
Energieverteilung (SED) die Grundlage der Analyse bildete.
Es wurden zwei verschiedene Modelle fu¨r die Anpassung der SEDs genutzt, zum einen der modi-
fizierte Schwarzko¨rper (MBB) und zum anderen die Staubgro¨ßenverteilung (SD). Der Vergleich der
beiden verdeutlichte, dass sie zu a¨hnlichen Korrelationen der verschiedenen Parameter fu¨hren, jedoch
auch Unterschiede bei individuellen Scheiben sichtbar sind. Da die Teilchengro¨ße und die Staubsorte
ebenfalls entartet sind, wurden fu¨nf verschiedene Staubarten fu¨r die Modellierung verwendet: reines
Astrosilikat und reiner Kohlenstoff sowie Mischungen von Astrosilikat mit Eis, Kohlenstoff und Vak-
uum. Die Verwendung all dieser Sorten fu¨hrte gleichfalls zu a¨hnlichen Korrelationen.
Im Ergebnis zeigte sich, dass die neue Methode der Radienbestimmung auf einen Großteil der
Tru¨mmerschreiben anwendbar ist, unabha¨ngig von deren Entfernung oder dem Spektraltyp des Zen-
tralsterns. Des Weiteren wurde eine große Streuung der Radien u¨ber den gesamten Bereich der stel-
laren Leuchtkraft festgestellt. Daher scheint die entgu¨ltige Form der Scheibe nicht von temperat-
urabha¨ngigen Prozessen abha¨ngig zu sein. Unter der Annahme, dass eine Scheibe aus Planck’schen
Strahlern besteht, la¨sst sich ein Schwarzko¨rperradius ableiten. Die Untersuchung des
”
wahren“ Scheiben-
radius im Verha¨ltnis zu diesem Schwarzko¨rperradius zeigte einen Abfall mit zunehmender stellarer
Leuchtkraft, was es nun erlaubt, den Radius von unaufgelo¨sten Tru¨mmerschreiben zu scha¨tzen.
Die Scheibentemperatur zeigt einen Anstieg mit zunehmender stellarer Leuchtkraft, wobei sie in
Einheiten der Schwarzko¨rpertemperatur abnimmt. Die dominante Teilchengro¨ße steigt leicht mit
der stellaren Leuchtkraft an, jedoch ist dieser Anstieg auch mit einer konstanten Teilchengro¨ße von
(5± 3) ➭m vereinbar. Die Theorie sagt einen wesentlich steileren Anstieg, bedingt durch den zun-
ehmenden Strahlungsdruck des Zentralsterns, vorher. Dadurch ist ein Abfall der dominanten Teilchen-
gro¨ße in Einheiten der Ausstoßgro¨ße erkennbar, der zudem die sta¨rkste Korrelation dieser Arbeit
darstellt und robust gegenu¨ber den verschiedenen Staubsorten und Kollisionsmodellierungen ist. Es
wurden mehrere Erkla¨rungen fu¨r diesen Abfall untersucht. Neben rein technischen oder statistischen
wurden auch physikalische Effekte, wie ein endliches Reservoir an Oberfla¨chenenergie fu¨r die kleinsten
Staubteilchen und die Rolle der dynamischen Anregung der Scheibe analysiert. Ersterer scheint jedoch
nur von untergeordneter Bedeutung zu sein. Letzterer hingegen deutet darauf hin, dass die dynamische
Anregung mit der stellaren Leuchtkraft zunimmt. Scheiben um Sterne fru¨herer Spektraltypen ko¨nnten
daher mo¨glicherweise massereichere Planeten oder Planetesimale besitzen.
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1 Introduction and motivation
“It is difficult to understand the universe
if you only study one planet.”
based on Miyamoto Musashi (1645)
The science of planetary system formation and evolution is a famous field of interest, since it tries
to address the fundamental questions: “What are the origins of Earth (and humankind)?” and “Are
we alone in the Universe?”. In the course of time different phenomena were discovered, inspiring
the enquiring human mind. These discoveries, beginning with the identification of planets by ancient
Greeks and discovery of asteroids in the 19th century after the advent of the telescope, followed by the
more recent detection of the Vega phenomenon and protoplanetary discs in the late 20th century and
the serendipity of the first exoplanet found around the main-sequence star 51 Peg, help us to better
understand the processes and mechanisms that drive the formation and evolution of planets. However,
up to now we do not completely understand how a planetary system forms or evolves and thus we
would like to contribute to the previous knowledge with this piece of work. Our thesis concentrates on
the succesors to protoplanetary discs, namely debris discs, which represent leftovers of planet formation
and evolution processes. In the following sections we will briefly describe the nature of debris discs
and the aims of this work.
1.1 Debris discs
1.1.1 Solar system
In 1766 Johann Titius formulated an empirical equation describing the regular spacing between the
orbits of the six known planets at that time. Shortly after, Johann Bode claimed that this equation
predicted a planet lying between Mars and Jupiter that had not yet been discovered. Hence, a search
for this object started (Bode, 1772) leading to the discovery of the first asteroid (1) Ceres in 1801
(Piazzi, 1802). The first represenative of the Asteroid belt was rapidly followed by the discovery of
many other similar objects1. The Asteroid belt is a part of our Solar system’s debris disc which is the
succesor of a protoplanetary disc. It is an optically thin and gas-poor disc composed of planetesimal
belts where colliding and growing solids are situated (Wyatt, 2008; Krivov, 2010). While the smallest
dust particles of the debris disc are produced by collisions of planetesimals and are expelled from
the system by direct stellar radiation pressure (e.g., Burns et al., 1979; Mu¨ller et al., 2010), the
larger bodies are more influenced by stellar gravity and other processes such as stirring by planets
or Poynting-Robertson drag (e.g., Kenyon and Bromley, 2001; Mustill and Wyatt, 2009). Another
fact is that debris discs can be made of one or more distinct material rings. In case of our Solar
system the Asteroid belt is the inner ring whereas the Edgeworth-Kuiper-belt (Edgeworth, 1943, 1949;
Kuiper, 1951) with its famous dwarf planet Pluto (Leonard, 1930; Tombaugh, 1946) is the outer one.
In Figure 1.1 a scheme of a typical planetary system is depicted including terrestrial and giant planets,
1Today, 713968 asteroids (numbered and unnumbered) are known in the main Asteroid belt. (Yeomans, Donald K.:
”JPL Small-Body Database Search Engine”. NASA JPL, retrieved 9th May 2016)
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Figure 1.1: Edge-on view of a planetary system as function of observational wavelength from Matthews
et al. (2014b). Courtesy: Kate Su.
asteroidal and Edgeworth-Kuiper belt zones as well as a hot dust component close to the host star
and a disc halo.
As described above the Asteroid belt is known since the late 19th century, whereas the Edgeworth-
Kuiper belt was a theory from the 1940s and 50s (Edgeworth, 1943, 1949; Kuiper, 1951) and only
confirmed in the 1990s (Jewitt et al., 1992). Therefore, they were not interpreted as parts of the Solar
system’s debris disc at first. The first debris disc known as such was observed around Vega in the
1980s (Aumann et al., 1984).
1.1.2 Investigation methods
Since the large planetesimals – the parent bodies of debris disc dust – possess only a small total
cross section they cannot be detected by current observational techniques. Thus, the investigation
of dust produced by collisions of these planetesimals is necessary. The total cross section of the
small dust particles is much higher compared to the parent bodies and their thermal emission much
easier to detect. The observation of dust allows conclusions about the parent body population to be
drawn and potentially the indirect detection of planets in the circumstellar system offering insight
into planet formation and evolution processes. The study of debris disc spectral energy distributions
(SEDs) is among other methods, such as imaging and infrared spectroscopy, an important tool to
gather information and will be the basis of this work. SEDs reflect debris disc properties, such as
disc temperature, typical dust grain sizes, and the amount of disc material. However, the modelling
of them is difficult, since a degeneracy between disc radius and typical dust grain sizes exists (e.g.,
Krist et al., 2010; Ertel et al., 2011; Churcher et al., 2011b; Lo¨hne et al., 2012; Booth et al., 2013;
Morales et al., 2013). That means that large grains at a small distance from the star can produce a
similar SED as small grains at a large distance and thus disentangling both, distance from the star and
grain size, is not possible. Only resolved discs, such as Fomalhaut (Acke et al., 2012) and β Pictoris
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(Vandenbussche et al., 2010) offer a solution, since their radii could be derived from images.
Over the last years the frequency of discs was studied by several groups (e.g., Su et al., 2006; Eiroa
et al., 2013; Chen et al., 2014; Thureau et al., 2014; Marshall et al., 2016). Eiroa et al. (2013) found
that nearly 20% of FGK-stars own a debris disc, whereas Thureau et al. (2014) analysed more luminous
A-stars of which approximately 24% possess a disc. These results do not mean that more discs can
be found around A-stars than around K-stars, since the frequencies are statistically indistinguishable
(Trilling et al., 2008; Eiroa et al., 2013). Furthermore, the structure of discs was investigated. As
known from our Solar system, debris discs might not only possess Edgeworth-Kuiper belts, but also
Asteroid belts. Thus it is not surprising that a recent study of Spitzer/IRS mid-infrared specra (Chen
et al., 2014) revealed that nearly 66% of known debris discs seem to be confined into two rings,
similar to the Solar system. To the present day nearly 100 discs could be resolved in one way or
another (e.g., MacGregor et al. (2015); Choquet et al. (2016), Table C.1) and so the large number
of discs offers a possibility for statistical analyses and the search for correlations between different
debris disc parameters derived from SED modelling and stellar parameters, such as stellar luminosity
or temperature.
1.2 Aims of this work
In this work we will investigate a sample of 39 resolved debris discs and their SEDs, breaking the
degeneracy of disc radii and typical dust grain sizes, in order to find correlations between disc and
stellar properties. This will allow conclusions about system parameters of unresolved discs to be made,
providing a deeper insight in the disc physics and formation and evolution processes.
The dust size distribution and therefore the typical grain size will be of special interest here. As
Krivov et al. (2000) stated, several processes influence the size distribution. Besides radiation pressure
and collisions, transport processes and erosion mechanisms (Wyatt et al., 2011) play an important
role. Hence, the derived size distribution allows conclusions about these processes. When the size
distribution is steep enough (which is the case for most of the discs), particles just above a certain
minimum grain size are the most abundant and thus carry the largest part of the particle cross section.
As a matter of fact, these particles are easy to detect in thermal emission in mid- and far infrared
and can be referred to as particles with a typical dust grain size. Grains smaller than the radiation
pressure blowout limit are expelled and it is expected that the typical grain size is close to this limit.
The ratio of minimum grain size and blowout limit is influenced by the dynamical excitation of the
dust producing planetesimals, as shown by dynamical simulations. If the average eccentricity of the
dust parent planetesimals is low, meaning that the disc is dynamically cold, the ratio is expected to be
much larger than unity (e.g., The´bault and Wu, 2008; Krivov et al., 2013). On the other hand, for high
dynamical excitation, the ratio should be slightly above unity (e.g., Krivov et al., 2006; The´bault and
Augereau, 2007). Thus, the grain size ratio allows conclusions not only about the dynamical excitation
itself but about processes that alter it, e.g., stirring by planets or planetesimals. Of course, the typical
grain size depends on other parameters besides the dynamical excitation as well. The dust properties,
both optical and mechanical, the disc radius and the system’s age are only a few examples for that. So
if the disc is spatially resolved and the systems age could be inferred from the host star, conclusions
about dust properties will be possible.
We will begin this thesis in Chapter 2 with the question of how a debris disc can be described and
will explain the basic terms used for that, e.g., fractional luminosity or blowout grain size. Since the
modelling of SEDs is an essential part here as well, a short introduction into the technical aspect of
SED fitting is given in Chapter 3. Then it is discussed which resolved debris discs are appropriate for
a statistical analysis (Chapter 4) and how their radii can be derived (Chapter 5). This is followed by
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a presentation of the fitting results (Chapter 6) whereas a detailed analysis of the grain size – stellar
luminosity trend is given in Chapter 7. The trend found between disc-to-blackbody radius ratio and
stellar luminosity is investigated in Chapter 8. A summary can be found in Chapter 9.
4
2 Theoretical foundations
At the beginning of this work we would like to concentrate on the question how a debris disc can be
observed, described and analysed. Therefore, we will start with an introduction to spectral energy
distributions, which are the basis of our debris disc analysis. Then an explanation of the basic terms
of a debris disc system such as blowout grain size or fractional luminosity will follow. This chapter
will end with the description of the statistical methods used for analysing a sample of debris discs.
2.1 Spectral energy distributions
A debris disc is composed of gas, dust and planetesimal belts. While the gas component may be a
remnant of the predecessing protoplanetary disc (Moo´r et al., 2013b) the circumstellar dust is short-
lived and thus the existence of dust-producing planetesimals is evident. The disc material is confined
to rings which contain growing and crushed solid material with sizes ranging from serveral tens of
kilometres (planetesimals) to sub-micrometres (dust) (e.g., Stern, 1996; Sitko et al., 1998; The´bault
et al., 2003; Greaves et al., 2004; Fitzgerald et al., 2007). The micron sized dust particles can most
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Figure 2.1: Flux density as a function of wavelength for HD 21997 (Moo´r et al., 2013b). Black
solid line shows emission of stellar photosphere. Red filled circles with error bars show observational
measurements.
effectively be traced by their thermal emission and therefore it is not astonishing that the first debris
disc was found by the so-called infrared excess emission in the spectral energy distribution (SED)
(Aumann et al., 1984). This infrared excess is indeed the common evidence for the presence of a debris
disc and thus the SED is the basis for any debris disc analysis and needs to be explained in more
detail. In Figure 2.1 a typical infrared excess is shown. Obviously, the flux density of the circumstellar
system measured at infrared wavelengths is higher than what is expected from the star alone. In order
to describe this emission physically we will begin with an explanation of the optical parameters of dust
5
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particles. This is followed by an introduction of different radiation models starting with blackbody
radiation.
2.1.1 Optical parameters of dust particles
Different radiation processes occur in a debris disc, namely absorption, reemission and scattering of
stellar radiation by the dust grains. The basics of these processes were treated by Bohren and Huffman
(1983) using Mie theory and here the most important parameters will be explained.
Qabs
Qsca
Qtrans + Qsca cos( )
Figure 2.2: Optical efficiency factors as explained by Burns et al. (1979). Black arrows represent
directional vectors of electromagnetic waves.
Compact spherical particles with a geometrical cross section A are assumed and in Figure 2.2 such
a particle is depicted as a red circle. When an electromagnetic wave with a certain energy approaches
the particle it is subject to the above mentioned radiation processes. The parameter Qabs gives the
part of the energy which is absorbed, while Qsca represents the part of scattered and Qtrans the part
of transmitted energy. The scattered part contains a momentum of Qsca× cos (θ), which is sent in the
forward direction. The parameter 〈cos (θ)〉 is the weighted average of the angular dependence of the
scattered radiation (Burns et al., 1979) and called the asymmetry factor. It is given by
〈cos (θ)〉 ≡
∫
4π
f(θ) cos θ dΩ, (2.1)
where θ is the scattering angle, Ω the solid angle and f(θ) the phase function computed by Mie
theory (Bohren and Huffman, 1983). For the particle with cross section A this means that on an area
Cabs = A×Qabs the incoming energy will be absorbed while on Csca = A×Qsca it will be scattered.
These areas are called the absorption or scattering cross section, respectively. The parameter Qpr is
the radiation pressure efficiency. It is defined as
Qpr ≡ Qabs +Qsca(1− 〈cos (θ)〉). (2.2)
If the whole energy were scattered in forward direction, Qpr would be equal to Qabs. In case of perfect
back-scattering Qpr would be Qabs + 2Qsca. And if the energy were scattered isotropically Qpr would
be the sum of Qabs and Qsca.
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Now we assume a blackbody particle in equilibrium conditions. The energy emitted by the grain
must be the same as the absorbed energy. Using Kirchhoff’s law of absorption and emission it can be
shown that Qabs = Emissivity and furthmore Qabs ≡ 1 for a blackbody. Here, Qabs is independent
of the wavelength of the electromagnetic wave, but in general all the above mentioned efficiencies are
functions of it.
2.1.2 Blackbody radiation
In the last section we saw that blackbodies are ideal absorbers with an absorption efficiency of unity.
Thus, the easiest model to describe the emission of the dust particles is the blackbody radiation. This
model was first described and derived by Max Planck (Planck, 1900) and is the basis of many debris
disc analyses.
Planck’s law
The Planck law can be written in terms of wavelength or frequency:
Bλ(λ, T )dλ =
2 h c2
λ5
[
exp
(
h c
λ k T
)
− 1
] dλ, Bν(ν, T )dν = 2 h ν3
c2
[
exp
(
h ν
k T
)
− 1
] dν. (2.3)
Here, ν is the frequency, λ the wavelength, c the speed of light, h the Planck constant, k the Stefan-
Boltzmann constant and T the temperature. In the field of debris discs another form of this law is
used, since the flux density for a certain frequency interval is measured in units of Jansky ([Jy] =
10−26W/(Hz m2)), but the wavelength is a more common and intuitive parameter. Therefore,
Bν(λ, T )dν =
2 h c
λ3
[
exp
(
h c
λ k T
)
− 1
]−1
dν (2.4)
is often used. At long wavelengths the Planck curve can be reduced to the Rayleigh-Jeans approxim-
ation given by
BRJν (T )dν =
2ν2
c2
kT dν =
2kT
λ2
dν. (2.5)
Modified blackbody radiation
In order to describe the infrared excess emission first found around Vega and therefore called the Vega
phenomenon, Backman and Paresce (1993) developed the modified blackbody (MBB) as a model for
thermal emission by dust grains. They assumed a constant absorption efficiency Qabs = 1 up to a
certain critical wavelength λ0. For wavelengths larger than λ0 the absorption efficiency decreases with
(λ/λ0)
−βmod , where βmod is the opacity index. This leads to
Bmodν (λ, T ) = Bν(λ, T )
[
H(λ0 − λ) +H(λ− λ0)
(
λ
λ0
)−βmod]
(2.6)
as the resulting blackbody function and
Qabs(λ, s) =
{
1, λ ≤ λ0
(λ/λ0)
−βmod , λ > λ0
, (2.7)
as the function of the absorption efficiency, where s represents the grain size and H(λ) the Heaviside
step function. The wavelength λ0 can be interpreted as a kind of characteristic grain size. Backman and
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Paresce (1993) stated that depending on the grain optical properties λ0 = 2πs for strongly absorbing
materials. For weakly absorbing materials the relation turns out to be λ0 = s/(2π) and for moderate
absorbing material λ0 = s is a good approximation. Nevertheless, information on the dust material can
also be inferred from the parameter βmod. While a value of ∼ 1 should be appropriate for amorphous
materials, a value of ∼ 2 represents crystalline materials or metals (Witt, 1989). A value of ∼ 1.5 was
found to characterise the grains in the interstellar medium (ISM) (e.g., Planck Collaboration et al.,
2015).
2.1.3 Mie radiation
The blackbody description of the dust emission is simple, but it only treats dust particles in an idealised
way. In reality, the dust grains have an absorption efficiency that as described above depends on the
emission wavelength, the grain size and the optical indices (e.g., refractive indices) of the dust material.
Thus, it is necessary to know the composition of dust and the grain sizes in order to get a more physical
approach to the dust modelling.
Spectra of debris discs reveal solid features arising from different dust compositions (e.g. Chen et al.,
2006; Lisse et al., 2007; Fujiwara et al., 2012, 2013; Donaldson et al., 2013; Riviere-Marichalar et al.,
2014; Mittal et al., 2015). Nevertheless, the composition of dust (volume fractions of each component)
remains unknown in most of the cases since solid state features are only present in debris disc systems
with hot dust emitting in the infrared (Matthews et al., 2014b). This work concentrates on the three
most often detected compositions, namely silicate, carbon and water ice and several mixtures of them.
Astronomical silicate
Draine and Lee (1984) proposed the artificially generated material astronomical silicate or astrosilicate
which is one of the most prominent dust compositions describing the emission of the ISM. The basis
for this material are lab measurements of crystalline olivine in order to construct a dielectric function.
This function is used to derive the optical parameters (Qabs, Qsca, etc.) of the dust. It was improved
over the years by Laor and Draine (1993) and Draine (2003b) who among other things extended the
wavelength range used. Figure 2.3 shows the optical parameters Qabs and Qsca for different dust grain
10
−5
10
−4
10
−3
10
−2
10
−1
10
0
10
1
 0.1  1  10  100  1000
Q
ab
s
Wavelength [µm]
s = 0.01 µm
s = 0.10 µm
s = 1.00 µm
s = 10.0 µm
s = 100  µm
s = 1000 µm
10
−5
10
−4
10
−3
10
−2
10
−1
10
0
10
1
 0.1  1  10  100  1000
Q
sc
a
Wavelength [µm]
Figure 2.3: Absorption and scattering efficiency as a function of wavelength for astronomical silicate
and different dust grain sizes ranging from 0.01 ➭m to 1000 ➭m. Red solid line: blackbody conditions;
blue dashed line: modified blackbody conditions for s = 10➭m using λ0 = 2πs and βmod = 2.5.
sizes. The efficiencies decrease with increasing wavelength, whereas for small particles this decrease
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starts at shorter wavelengths than for large particles. Large particles have nearly constant values equal
to unity, which means that they behave more like blackbodies. A comparison with the MBB model
shows that the assumptions of λ0 = 2πs and βmod ∼ 2 for crystalline materials are in good agreement
with the slope of Qabs for a grain size larger than 10 ➭m. For smaller particle sizes the absorption
efficiency is not as well approximated by the MBB model.
Carbon
Another dust component often used is carbon, many kinds of which exist and different optical para-
meters are available. In this work the amorphous carbon dust of Zubko et al. (1996) (“ACAR”) is used.
Since many debris discs are modelled with this kind of dust (e.g., Donaldson et al., 2013; Lebreton
et al., 2012), the modelling results of this work are comparable to them. The optical parameters of car-
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Figure 2.4: Same as Figure 2.3, but for amorphous carbon. βmod = 1.9.
bon and astronomical silicate look similar as shown in Figures 2.3 and 2.4. In the shorter wavelength
range between 0.1 ➭m and 10 ➭m the values for Qabs of astronomical silicate are decreasing faster than
those for carbon. Furthermore, there is no peak at ∼ 10 ➭m for the carbon material, since this emission
feature is typical for silicate. The MBB approximation is as well in good agreement with the depicted
shape of Qabs for particles larger than 10➭m. The opacity index is smaller compared to astrosilicate
what was expected for amorphous materials (Witt, 1989), however it is larger than unity.
Water ice
The third component used in this work is water ice proposed by Li and Greenberg (1998). Here,
the dust particles are assumed to have a silicate core with a layer of H2O dominated ice accreted in
dense molecular clouds (Greenberg, 1978). Figure 2.5 reveals that between 0.1 ➭m and 1 ➭m the ice
particles have a very small Qabs ∼ 10
−10. This means that the grains do not absorb much energy
in this wavelength area. But the decrease of Qabs with increasing wavelength can be seen here as
well, although it begins at longer wavelengths (∼ 100 ➭m). Compared to astrosilicate and carbon the
absorption efficiency of water ice shows many peaks at several wavelengths and therefore its shape
is not as smooth as for the other two materials. Hence, a comparison to the MBB approximation is
difficult. However, Greenberg (1978) stated that water ice is a moderately absorbing material and thus
λ0 = s was used for illustration.
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Figure 2.5: Same as Figures 2.3-2.4. MBB conditions: λ0 = s = 10➭m and βmod = 1.3.
Mixtures
To generate the optical parameters of the mixtures used in this work the Bruggeman (1935, 1936)
mixing rule was applied. Its advantage against other mixing rules is that it treats each component in
the same way and not as environmental part or inclusional part. It is completely symmetric. Since
the volume fractions of dust components in debris discs are not known, they were equally distributed
in the mixtures. The dust compositions used in this work are given in Table 2.1.
Table 2.1: Dust compositions and their bulk densities.
Dust composition ̺ [g/cm3]
50% astrosilicate + 50% vacuum 1.65
50% astrosilicate + 50% ice 2.25
100% astrosilicate 3.30
50% astrosilicate + 50% carbon 2.63
100% carbon 1.95
Dust grain temperatures
As said before, the absorption efficiency depends on the wavelength and the dust grain size (see
Figures 2.3 - 2.5). The general shape of Qabs with increasing wavelength stays the same, but there
are differences for the dust compositions used. As a consequence of that, not only the temperatures
of the grain sizes vary, but also the temperatures of same sized particles of different compositions do
(see Figure 2.6). For the calculation of the temperature the balance of absorbed stellar radiation and
thermal reemission is assumed (Equations 2.25-2.27). Obviously, grains with a size smaller than 10 ➭m
are warmer than blackbody, while particles of approximately 10 ➭m have temperatures close to the
blackbody temperature. Between a size of 0.1 ➭m and 1 ➭m lie the hottest particles. Grains smaller
than 0.1 ➭m or larger than 1 ➭m are colder (Krivov et al., 2006).
In Figure 2.7 the temperature of the dust grains is given as a function of grain size and disc radius.
The wavelength λ0 can be interpreted as a grain size. Since astronomical silicate is a strongly absorbing
material the relation λ0 = 2πsmin is assumed. The temperature isolines of MBB and SD method show
a different behaviour. While for MBB particles the temperature increases with decreasing grain size,
10
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Figure 2.6: Left: absorption efficiency as a function of wavelength for different dust compositions. The
particle used has a grain size of s = 1 ➭m. right: dust grain temperature Td(s) for a star with 1L⊙ at
a radius of 100 AU for different dust compositions. TBB is the blackbody temperature.
the smallest SD grains (s = 0.1 ➭m) turn out to be cooler than grains with a size of s = 0.5 ➭m, which
was explained already in Figure 2.6. It is obvious as well that grains with a certain size are warmer
closer to the star than grains farther out.
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Figure 2.7: The temperature of dust particles as a function of characteristic grain size and disc radius.
Left: modified blackbody, right: size distribution. Solid lines show temperature isolines for 30 K
(black), 60 K (yellow), 100 K (cyan), 150 K (pink) and 300 K (blue).
2.2 Disc parameters
After having a look at SEDs and optical parameters of dust, it is now necessary to introduce key
parameters of a debris disc system. Without these the modelling of a SED would not be possible.
Therefore, we will explain the most common terms.
2.2.1 Basic definitions
Dust particles in a debris disc are distributed in several ways. On the one hand they are size distributed,
meaning that there is a certain number N(s) of grains with a certain grain size s. On the other hand,
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the particles have a spatial distribution as well. At a distance r from the star a certain number of
grains, N(r), exists. Debris discs are optically thin and thus, the thermal emission of all particles
irrespective of their position can be seen in the SED. Therefore, no conclusions about the azimuthal
or vertical distribution can be drawn. Thus, the disc is assumed azimuthally symmetrical with no
vertical extension while the particles have a size and a radial distribution, N(r, s).
Surface number density N(r, s)
The surface number density, N(r, s)ds, represents the number of dust particles in an annulus per total
area of the annulus and per grain size interval [s, s+ds]. The easiest assumption for N(r, s) is a power
law for both, the radial distribution and the grain size distribution with the shape
N(r, s) = N0
(
r
R0
)−p(
s
s0
)−q
, (2.8)
where N0, R0 and s0 are arbitrary normalisation parameters for the number of particles, the radius and
the grain size, while p and q are the radial distribution index or the size distribution index, respectively.
Using the geometrical optical depth τ , the parameter N0 can be calculated with
τ =
A
Adisc
=
A
π(R2max −R
2
min)
=
2π
R2max −R
2
min
Rmax∫
Rmin
smax∫
smin
N(r, s) s2 ds r dr. (2.9)
Here, A is the cross section of the dust particles, Adisc the area of the disc, Rmin and Rmax the inner
and outer radius of the disc, and smin and smax certain minimum and maximum grain sizes. Thus, N0
becomes
N0 =
A(2− p)(3− q)
2π2R20s
3
0
[(
Rmax
R0
)2−p
−
(
Rmin
R0
)2−p]−1 [(
smax
s0
)3−q
−
(
smin
s0
)3−q]−1
, (2.10)
if p 6= 2 and q 6= 3 are assumed. In case of p < 2 the largest part of the particle cross section, A,
is located in the outer region of the disc (closer to Rmax), while for p > 2 it is closer to the inner
region. Considering the grain sizes, A is dominated by small particles if q > 3, while the large particles
contribute more in case of q < 3. Assuming the limiting case of p = 2 and q = 3, the normalisation
parameter N0 changes to
N0 =
A
2π2R20s
3
0
[
ln
(
Rmax
Rmin
)
ln
(
smax
smin
)]−1
. (2.11)
Here, the dust is equally distributed over the whole annulus and all grain sizes contribute the same
fraction to the total cross section.
Dust mass Mdust
Knowing the surface number density N(r, s), the dust mass is given by
Mdust =
4s0A̺
3
3− q
4− q
(
smax
s0
)4−q
−
(
smin
s0
)4−q
(
smax
s0
)3−q
−
(
smin
s0
)3−q , (2.12)
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with ̺ being the bulk density of the grain material and assuming q 6= 4. If q < 4 the mass is dominated
by the largest dust particles, while the smallest particles contribute the most for q > 4. In case of
q = 4 the dust mass is given by
Mdust =
4A̺
3
ln
(
smax
smin
) [
1
smin
−
1
smax
]−1
, (2.13)
and is equally distributed over the whole grain size range, meaning that every size interval contributes
the same fraction.
2.2.2 Radiation pressure and blowout grain size sblow
Dust particles in debris discs are subject to several mechanisms, e.g., stellar radiation pressure, which
acts to remove dust grains below a certain size from the system, and alters the orbital motion of
larger grains by transfer of momentum. In the stellar gravitational field dust particles are attracted
to the star while they move in elliptical or circular orbits around it. This motion can be derived from
Newton’s gravitational law:
−→
FG = −
4π
3
s3 ̺ G Mstar
−→r
r3
, (2.14)
where G is the gravitational constant, Mstar the stellar mass and
−→r the radial vector. On the other
hand, the dust is repelled by direct stellar radiation pressure:
−−→
Frad =
Lstar πs
2 Qpr
4π c
−→r
r3
. (2.15)
Here, compact spherical particles are assumed. The parameter Qpr is the radiation pressure efficiency
averaged over the stellar spectrum and c the speed of light. The radiation pressure efficiency is
explained in Section 2.1. Burns et al. (1979) defined the ratio of graviational force and radiation
pressure as β:
β ≡
|
−−→
Frad|
|
−→
FG|
=
3Lstar
16πGMstarc
Qpr
̺s
. (2.16)
This ratio is independent of the distance to the star, r, and since it is proportional to the inverse grain
size, 1/s, it is obvious that for large particles β is small and for small particles β is large. Furthermore,
the dependence of Qpr(s) is neglected. Due to the radial independence of β it is possible to write
−−→
Frad = −β
−→
FG. The effective “photogravitational force” (Krivov, 2010) is then
−−→
FPG =
−→
FG +
−−→
Frad =
−→
FG (1− β) = −
4π
3
s3 ̺ G Mstar (1− β)
−→r
r3
. (2.17)
This means that as a result of stellar radiation pressure the particle seems to be attracted by a central
object of mass Mstar (1− β) instead of the original stellar mass Mstar.
Now a large planetesimal is assumed for which β is close to zero. It moves around the central star
on an elliptical orbit with eccentricity e and semi-major axis a. Its specific orbital energy is then given
by
Epl =
v2
2
−
GMstar
r
≡ −
GMstar
2a
, (2.18)
where v is the planetesimal velocity. If the planetesimal is located at the pericentre, r is given by
rpc = a (1− e) and the velocity reduces to
v2pc =
GMstar
a
1 + e
1− e
. (2.19)
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If a small dust grain with a large value of β is released from the planetesimal, due to a collision for
instance, it has an orbital energy of
Egrain =
v2
2
−
GMstar(1− β)
r
≡ −
GMstar(1− β)
2a
. (2.20)
To eject this small grain from the circumstellar system, its energy, Egrain must be larger than zero.
Knowing the grain velocity, which is the same as the planetesimal velocity, and the distance from the
star, β is given in the pericentre as
β ≥
1− e
2
. (2.21)
If a particle moves on a circular orbit with e = 0, the parameter β must be larger than 1/2 in order to
expel the grain from the circumstellar system. Using Equation (2.16), the grain size s corresponding
to β = 1/2 is called the blowout size sblow. In this work we will not take into account a possible
eccentricity of the parent bodies. Hence, the blowout grain size will allways be the grain size for which
β = 1/2. In Figure 2.8 the grain orbits as a function of β are depicted. If this parameter is smaller
Figure 2.8: Particle orbits as a function of β from Krivov et al. (2006).
than 1/2 the particles stay in bound orbits around the star. In case of 1/2 < β < 1 the grains are
ejected on hyperbolic orbits and in case of β > 1 the ejection orbits will be anomalous hyperbolas.
2.2.3 Collisional evolution
Due to eccentric orbits of the debris mutual collisions are inevitable. Indeed, destructive collisions are
a dominant process in known debris disc systems. The relative velocities between two colliding objects
need to have a certain minimum level (e.g., Kenyon and Bromley, 2004b; Krivov et al., 2006; Lo¨hne
et al., 2008; The´bault and Augereau, 2007; Wyatt et al., 2007b) in order to be destructive. While
in protoplanetary discs these relative velocities are damped by the dense ambient gas, in debris discs
this damping process is not effective, since these discs are gas-poor. But in order to reach the high
velocities necessary for destructive collisions, the low damping is not sufficient. When a protoplanetary
disc evolves to a debris disc it looses the primordial gas and the solid particles should preserve the
low velocity dispersion they had previously. Hence, some kind of “stirring mechanism” must ignite
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the destructive collisions (Wyatt, 2008). One possibility is self-stirring by largest (∼ 1000 km sized)
planetesimals as stated by Kenyon and Bromley (2004a) or the stirring by planets orbiting the inner
gap of the disc (Wyatt, 2005; Mustill and Wyatt, 2009). Another possible mechanism to ignite a
cascade of collisions is e.g., perturbation by binary companion (e.g., Faramaz et al., 2014).
When the collisional cascade in a disc starts the solid material is broken to dust sizes and the
smallest particles for which β & 0.5, are expelled from the system by direct radiation pressure. In the
dust size range (< 1 mm) stirring is not necessary, as typical eccentricities of the grains are of the
same order as the β-ratio (Burns et al., 1979) and the impact velocities are sufficiently high due to
radiation pressure.
In order to describe the collisions several parameters are necessary. An important one is the critical
specific energy for disruption and dispersal, Q⋆D, which is defined as the impact energy per unit target
mass. If the objects are small Q⋆D does only depend on the material strength, while for larger objects
with sizes of ∼ 100 m it is determined by the gravitational binding energy. Therefore, Q⋆D is often
described as the sum of two power laws (e.g., Davis et al., 1985; Benz and Asphaug, 1999; Kenyon and
Bromley, 2004b; Stewart and Leinhardt, 2009):
Q⋆D = Qstrength
( s
1 m
)−bstrength
+Qgravity
( s
1 km
)bgravity
. (2.22)
The values for Qstrength and Qgravity are of the order of ∼ 10
5 − 107 erg/g, while bstrength lies between
0 and 0.5 and bgravity between 1 and 2 (Benz and Asphaug, 1999). A minimum of ∼ 10
4 − 106 erg/g
of the critical energy is reached at sub-kilometre sizes, while at dust sizes Q⋆D should be of the order
of ∼ 108 erg/g. When the relative velocity of two colliders reaches or exceeds a critical value of
vcritical =
√
2(mtarget +mprojectile)2
mtargetmprojectile
Q⋆D, (2.23)
where m represents the masses of the colliders, the two colliders are disrupted (e.g., Krivov et al.,
2005). Assuming particles of the same size, they will be destroyed if their velocity is larger than√
8Q⋆D. Considering two dust grains, the critical velocity lies at several hundred metres per second. If
they are situated at several tens of AU away from the star they would have an eccentricity of ∼ 0.1. As
mentioned before, the eccentricity is in the same order as the β-ratio and thus particles with β ∼ 0.1
could naturally attain such eccentricities.
However, the collisions in debris discs influence a size range of ∼ 12 orders of magnitude and
take place at different velocities. There are two important outcomes of collisions, namely the complete
disruption and the cratering, which means partial destruction of one or both colliders with and without
reaccumulation of fragments (The´bault and Augereau, 2007; Mu¨ller et al., 2010).
2.2.4 Grain sizes
In this work we use different terms for grain sizes, whereas most of them are connected to different
methods of disc modelling:
1. Blowout grain size
In Section 2.2.2 it was mentioned, that if the β-parameter of a dust grain is 1/2, the grain is of
blowout size. Smaller grains which possess a larger value of β are expelled from the system by
direct radiation pressure.
2. Dominant or typical grain size
This size is used for collisional modelling and corresponds to the largest cross section of dust in the
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debris disc system.
3. Minimum grain size
This size represents the lower cutoff of a power law size distribution.
4. Characteristic grain size
Considering the MBB method, no dust grains are assumed during the SED fitting. Thus, the
characteristic grain size proposed by Backman and Paresce (1993) is used. We assume the relation
λ0 = s/(2π) in order to compare the characteristic grain size with the minimum grain size of the
power law size distribution.
An illustration for them is given in Figure 2.9, where two different size distributions are depicted, one
generated by collisional modelling and the other a power law distribution.
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Figure 2.9: Cross section of dust as a function of grain radius. The red solid line represents a size
distribution generated by collisional modelling, the blue solid line a power law size distribution. For
more detailed explanations see text.
2.2.5 Flux density of a circumstellar debris disc
A debris disc is an optically thin disc (e.g., Zuckerman et al., 1995; Thi et al., 2001; Wolf and Hillen-
brand, 2003). Hence, multiple scattering of radiation and heating of dust caused by dust reemission
are negligible and the only radiation processes considered are absorption, reemission and scattering of
stellar radiation by dust grains. The direct stellar radiation is the only source for the heating of dust
particles.
Luminosities
The monochromatic luminosity of a star with the radius Rstar and the effective temperature Tstar at
the wavelength λ is given by
Lλ,star = 4πR
2
starπBλ(Tstar) (2.24)
with Bλ(Tstar) being the Planck function. Then a dust particle of size s, with a temperature Tgrain at
a distance r from the star absorbs
Labsλ,grain = Lλ,star Q
abs
λ
πs2
4πr2
, (2.25)
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and it reemitts
Lemλ,grain = 4πs
2Qabsλ πBλ(Tgrain(r)). (2.26)
Here Qabsλ is the absorption efficiency which is explained in Section 2.1. For the sake of energy
conservation, the absorbed luminosity must be the same as the emitted one, meaning
∞∫
0
Lemλ,grain dλ =
∞∫
0
Labsλ,grain dλ. (2.27)
If a particle’s temperature Tgrain(r) is known, Equations (2.25) – (2.27) allow the derivation of the
distance r of this particle from the star with
r(Tgrain) =
Rstar
2


∞∫
0
Qabsλ (s)Bλ(Tstar) dλ
∞∫
0
Qabsλ (s)Bλ(Tgrain(r)) dλ


1/2
. (2.28)
In case of blackbody grains, Qabsλ (s) is equal to unity and not depending on the grain size s. The integral
of Bλ(T ) is given by the Stefan-Boltzmann law
∫
πBλ(T ) = σ T
4, where σ is the Stefan-Boltzmann
constant. Therefore, Equation (2.28) can be reduced to the blackbody radius
RBB(Tgrain) =
(
Lstar
16πσ
)1/2 (
1
Tgrain
)2
. (2.29)
The parameter Lstar is the stellar luminosity. The blackbody radius RBB is only a function of the
particle’s temperature and the stellar luminosity and is wavelength independent.
Flux densities
The luminosities given in Section 2.2.5 can be converted into flux densities, which are measurable
parameters. An observer at a distance d from the star measures a flux density of
fλ(r) =
Lemλ,grain
4πd2
= πBλ(Tgrain(r))
( s
d
)2
Qabsλ (2.30)
for one single dust grain. Assuming an annulus with an area of 2πr dr and the resulting total number
of dust particles 2πrN(r, s) ds dr in it, the flux density of the whole disc is given by
Fλ(r, s) dr ds =
2π2
d2
Bλ(Tgrain(r))Q
abs
λ N(r, s) r dr s
2 ds. (2.31)
2.2.6 Fractional luminosity fd
The fractional luminosity, fd, is defined as the ratio of disc luminosity and stellar luminosity i.e.
fd =
Ldisc
Lstar
, (2.32)
whereas Equation (2.31), using the relation Ldisc = 4πd
2
∫ ∫ ∫
Fλ(r, s) dλ ds dr, changes it to
fd =
8π3
Lstar
∫ ∫ ∫
Qabsλ (s) Bλ(Tgrain(r)) r s
2 N(r, s) dλ ds dr. (2.33)
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Using again the blackbody conditions, fd is reduced to
fd =
8π2σ
Lstar
Rmax∫
Rmin
smax∫
smin
(Tgrain(r))
4
r s2 N(r, s) ds dr. (2.34)
With Equations (2.8) and (2.29) further transformation is possible. Assuming an infinitesimal ring
width, the size distribution is only a function of the grain size: N(s) ∼ (s/s0)
−q. In that case, fd is
given by
fd =
4πσ
Lstar
T 4grain(r)
smax∫
smin
N(s) s2 ds =
A
4πR2disc
. (2.35)
Thus, the fractional luminosity represents the ratio of the dust’s total cross section and the surface
area of the sphere with the radius Rdisc of the disc. In case of blackbody discs, the grain sizes are
irrelevant and only the particle cross section is taken into account.
Minimum fractional luminosity
The fractional luminosity can be used as limiting case for observations, since there is a minimum
necessary for a detection by a telescope. This minimum is calculated as follows. Using Equation (2.30),
we assume the flux density of the dust to be
Fν = N0 × fν , (2.36)
where N0 is the number of particles and fν the flux density measured for one particle at a certain
frequency, ν. For this purpose no radial or size distribution of the grains, but a constant particle
number is used. Furthermore, this particle number can be expressed by the dust mass, given by
Mdust =
4π̺s30N0
3
, (2.37)
with s0 being the grain size of a spherical particle. Now, the telescope has a minimum flux density,
Fminν , measureable at a certain frequency. Hence, there is a minimum dust mass at a certain disc
radius necessary for a detection and due to the Planck law (see Equation (2.4)) the dust mass can be
written as
Mdust =
2̺λ3d2Fminν s0
3hc
[
exp
(
hc
λkT
)
− 1
]
. (2.38)
The fractional luminosity is calculated by Equation (2.32), where the luminosity of the disc is expressed
by Ldisc = 4πd
2F , with F being the measured flux and d the distance from the observer. The flux is
calculated by
F =
∞∫
0
Fλdλ =
∞∫
0
(s0
d
)2
πBλ(T )N0dλ =
(s0
d
)2
σT 4BBN0. (2.39)
Now, we use Equation (2.29) and express the minimum fractional luminosity with
fmind =
4πd2F
Lstar
=
λ3d2Fminν
8πhc× r2
[
exp
(
hc
λk
(
16πσ
Lstar
)1/4
r1/2
)
− 1
]
. (2.40)
Obviously, fmind is independent of the grain size and the density of the dust material and does only
depend on the distance, the stellar luminosity and the disc radius. Since the detectable Fminν of the
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telescope is different for each wavelength band, the wavelength is, besides the minimum flux density,
an important parameter. In this work the Herschel/PACS instrument (Pilbratt et al., 2010; Poglitsch
et al., 2010) is often used. It has a detectable minimum flux density of Fminν = 5.5 mJy in the 100 ➭m
band1. Assuming a Sun-like star at a distance of 10 pc from the observer and with a debris disc radius
of 100 AU the minimum fractional luminosity necessary for detection of the disc is fmind ≈ 8×10
−7. In
comparison the Edgeworth-Kuiper belt of the Solar system has a fractional luminosity of fd = 1.2×10
−7
(Vitense et al., 2012). Therefore, analogues of this belt around other host stars would be undetectable
with PACS.
Maximum fractional luminosity
In the last section we described the fractional luminosity being a limiting case for observations and
called it the minimum fractional luminosity. Now, the collisional evolution of a debris disc gives another
limiting case, that of a maximum fractional luminosity.
In a collisional cascade particles with a maximum diametre, Dc, are destroyed in collisions and
replaced by smaller objects. Hence, the removal of objects with the highest mass in the collisional
cascade determines the long-timescale evolution and as a consequence the total mass and the fractional
luminosity decrease with the decreasing number of planetesimals of size Dc. Furthermore, the initial
disc mass does not influence the disc mass of later times, since the mass of more massive discs is
processed faster (Wyatt et al., 2007a). And so there is a maximum disc mass or maximum fractional
luminosity, fmax, respectively at a given disc age, tage, which can be used as an upper limiting case.
As given by Wyatt et al. (2007a) the maximum fractional luminosity can be described by
fmaxd = 0.58× 10
−9 × r7/3 ×
dr
r
×D0.5c ×Q
⋆
D
5/6 × e−5/3 ×M
−5/6
star × L
−0.5
star ×
1
tage
. (2.41)
Using values given by Benz and Asphaug (1999), we assume for the critical energy Q⋆D = 2000 J/kg,
for the planetesimal size Dc = 2 km and for the ring width dr = 10 AU. Furthermore, we use
an eccentricity, e, of 0.1, which is comparable to that of the classical Edgeworth-Kuiper belt where
e ≈ 0.08 (e.g., Elliot et al., 2005; Vitense et al., 2010).
However, the model proposed by Wyatt et al. (2007a) contains two simplifications. At first, it
is assumed that the debris disc is in collisional equilibrium for all sizes ranging from dust up to the
largest planetesimals. The second assumption is related to the minimum specific energy necessary to
disrupt the colliding objects. In reality this energy depends on the sizes of the colliders, but here, it
is independent of them. An improvement of the model was done by Lo¨hne et al. (2008) who lifted
these simplifications, but as a consequence, the maximum fractional luminosity is still determined by
the initial disc mass here. Therefore, we decided to use the easier model proposed by Wyatt et al.
(2007a). It is possible that the fractional luminosity of an observed debris disc is higher than the
predicted maximum fractional luminosity (e.g., Wyatt et al., 2007b) caused by simplifications used.
In such cases an adaption of the parameter values (Q⋆D, e, tage or Dc) is possible or the usage of the
improved model proposed by Lo¨hne et al. (2008). However, if the measured fd is much higher than
fmaxd it is assumed that the disc did not produce dust from the beginning, but started the production
at a later time. In Figure 2.10 both the minimum and maximum fractional luminosity are depicted
considering a debris disc around a solar-type star.
1PACS Observer’s Manual, Version 2.5.1; http://herschel.esac.esa.int/Docs/PACS/html/pacs om.html
19
2. THEORETICAL FOUNDATIONS
1e−07
1e−06
1e−05
1e−04
1e−03
30 50 70 150 200 300100
f d
Rdisc [AU]
Figure 2.10: Fractional luminosity as function of disc radius. Red solid line: maximum fractional
luminosity for a debris disc around a solar-type star with an age of 100Myr. Blue solid line: minimum
fractional luminosity for a debris disc around a solar-type star at a distance of 35pc at 100 ➭m using
Herschel/PACS. Red squared and blue lined areas show regions where no debris disc is detectable with
the parameters (distance, age, . . . ) used.
2.3 Statistical basics
2.3.1 Correlation coefficients
This work is concentrating on statistical analysis of debris discs and as such is looking for correlations
between circumstellar system parameters, e.g., stellar luminosity and disc radius. In order to prove
the statistical significance of these correlations, we will use the correlation coefficients of Pearson and
Spearman.
The Pearson coefficient requires a linear correlation between the two parameters compared and is
given by
rPearson =
Ndata∑
i=1
(xi − x¯)(yi − y¯)√
Ndata∑
i=1
(xi − x¯)2
Ndata∑
i=1
(yi − y¯)2
, (2.42)
where xi and yi are the values of the data points of both parameters, x¯ and y¯ the arithmetic mean
values of the data points and Ndata the number of data points (e.g., Hedderich and Sachs, 1968).
The coefficient is normalised and can vary between -1 and 1. To check whether the calculated value
represents a significant correlation it is necessary to calculate the t-value of the Student’s t-distribution
and to choose a significance level, which we will set to 1%. The t-value is given by
t = rPearson ·
√
Ndata − 2
1− r2Pearson
. (2.43)
Using the significance level chosen before, there is a critical value of t, namely tcritical, depending on
the number of data points. It is listed in the literature, e.g. Hedderich and Sachs (1968) and Bronstein
et al. (1977). The correlation is significant, if t is larger than this critical value. In terms of rPearson
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this means the correlation is significant for
|rcritical| >
tcritical√
t2critical +Ndata − 2
. (2.44)
The Pearson correlation coefficient has the disadvantage of requiring a linear correlation between the
parameters compared. Furthermore, it is highly influenced by possible outliers of the data sets, which
could lead to wrong conclusions. Therefore, we will use the Spearman rank correlation coefficient
as well, since this coefficient does not require linearity and is not influenced by outliers. Here, both
parameter data sets are transformed into rows of rank numbers, e.g., the lowest value gets rank
number 1 and the highest rank number Ndata. Afterwards, the difference, D, of the two rank numbers
is calculated and the correlation coefficient is given by Hedderich and Sachs (1968) as
rSpearman = 1−
6
Ndata∑
i=1
D2
Ndata(N2data − 1)
. (2.45)
2.3.2 k-sample tests
Another part of the statistical analysis are k-sample tests which shall prove whether two subsamples
stem from the same population or not. The selection criteria for one or another subsample are chosen
from the system parameters. For example the targets can be sorted by their fractional luminosity, which
results in a subsample with low and in one with high fractional luminosity objects. Then it is tested
whether the two subsamples follow the same correlations between different system parameters. There
are many different testing methods for this case, e.g. the Student’s t-test, the Kolmogorov-Smirnov
test and the Anderson-Darling test. If the sorting parameter values were distributed normally, the
Student’s t-test would be the easiest way of checking. However, we do not expect these parameters
to be distributed normally and so this test is not an appropriate solution. On the other hand the
Kolmogorov-Smirnov test (e.g., Kolmogorov, 1933; Smirnov, 1939, 1948; Massey, 1951) is independent
of a specific distribution or the sample size, so it seems to be the most sensitive test for the problem
mentioned in this work. Nevertheless, this test holds some disadvantages. It is only appropriate
if the empirical distribution functions (EDFs) of the samples do not cross each other and if their
difference is large near the centre of the distribution. If the EDFs have their largest difference at the
beginning or the end of the distribution this test is insensitive (Hedderich and Sachs, 1968). In order to
overcome these two disadvantages the Anderson-Darling test (AD test) was developed (e.g., Anderson
and Darling, 1952, 1954; Darling, 1957; Scholz and Stephens, 1987; Feigelson and Babu, 2012) and was
applied to the case of this work. The AD test provides the testing value A2, which is given for two
samples by
A2 =
1
n1 + n2
k∑
i=1
1
ni
n1+n2−1∑
j=1
((n1 + n2)Mij − jni)
2
j(n1 + n2 − j)
. (2.46)
Here, ni is the size of the i-th sample, k = 2 the number of samples and Mij the number of data points
in the i-th sample smaller than the data point Zj of the pooled ordered sample (Z1 < ... < Zn1+n2).
The A2 parameter is standardised to
T ≡
A2 − (k − 1)
σ
, (2.47)
where σ is the standard deviation of A2. The null hypothesis is rejected at a significance level α if
T ≥ tk−1(α). For k = 2 and a significance level of α = 0.05, the critical percentile value is t1 = 1.960,
while it is t1 = 3.752 for α = 0.01 (Scholz and Stephens, 1987).
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3 Technical aspects of fitting spectral en-
ergy distributions
After introducing the basic terms of a debris disc system and the methods of describing a SED we
now come to the question of how we can model such a SED and thus we will explain the technical
execution of SED fitting.
3.1 Fitting algorithm
3.1.1 Functionality
The SEDUCE code (Mu¨ller et al., 2010) was first designed to calculate SEDs of optically-thin circum-
stellar discs. With given input parameters, such as minimum grain size smin or disc radius Rdisc, the
SED can be derived directly with this code. Therefore, information on these parameters have to be
taken from the literature or catalogues, but in most of the cases the values are unknown. Further-
more, the shape of the SED is known in general since the flux densities at certain wavelengths can be
measured, but the parameters leading to the measured flux densities are not. So the real problem is
of indirect nature, actually – which parameter values lead to the observed photometric data points of
the SED? To solve this problem a fitting tool is necessary. This tool should minimise the deviation of
the model-SED from the observed data points. A common parameter to express the quality of the fit
is the χ2-parameter. It is given as
χ2 =
Ndata∑
i=1
(
F observedi − F
model
i
σobservedi
)2
, (3.1)
where in case of this workNdata is the number of photometric data points, Fi the observed and modelled
flux densities and σi the uncertainties of the observed flux densities. Since the value of this parameter
is larger for a larger number of data points it has to be normalised in order to compare fitting results
of different objects. Hence, the reduced χ2 is used, which is given as
χ2red =
χ2
Ndata −Nparameter − 1
. (3.2)
Here, the value of this parameter is less or equal to unity for a good fit and thus, the problem of fitting
is to minimise χ2.
There are several methods of finding global minima, for example rasterising the parameter space,
the Downhill simplex or the Powell method (Press et al., 2002), which all have their advantages and
disadvantages. we chose the “simulated annealing” method, since it is an easy algorithm to implement
and in addition, it does not require knowledge of the shape of the χ2-function. The simulated annealing
makes use of the analogy with the thermodynamical freezing processes of liquids. The molecules of
a liquid move freely at high temperatures, but they loose their ability of moving during the cooling
process. If this cooling process is slow, the molecules are able to form a crystal and get to the minimum
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energy state of the system. If the process passes fast, the minimum energy state cannot be reached.
The molecules form an amorphous or a polycrystalline system, which has a higher energy. Analogue
to that the global minimum is found by a slow approach. Figure 3.1 shall illustrate this. The diagram
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Figure 3.1: Objective function for the simulated annealing. Blue filled circle: starting point for fitting
iteration; green filled points: iteration progress points; red filled circle: global minimum and goal of
fitting process. See text for further details.
shows a function with two minima. While the minimum on the left side is just local, the minimum on
the right is both a local and a global one and so the one we are looking for. In order to get the minimum
we have to start at an arbitrary point (“Start”). It is given by a set of default parameter values. Then a
new set of parameter values is chosen at random and therefore, a maximum step size stepmax is defined
for each parameter. The randomly chosen step sizes lie between [−stepmax,+stepmax] and thus, the
new parameter values increase or decrease by this summand. This leads to a new function value χ2.
For instance this point could be one of the circles numbered with 1, 2 or 3. Now, the function value of
the starting point and the new value are compared. In case of circle 1 the parameter χ2 is lower than
the starting value and so we are approaching a minimum. The set of parameters which led to this
point is taken as the temporary parameter set of the minimum. For circle 2 the χ2 value is larger and
therefore we took the wrong direction in parameter space. Here, the parameter values of the starting
point stay as the temporary parameter set of the minimum.
The value of χ2 may be larger, but there is a possibility for a further minimum. Circle 3 illustrates
this. On the left side of it the χ2-values decrease and lead to a minimum. On its right side the values
increase, but as it is shown another minimum (the goal) can be reached. This is the problem, where the
simulated annealing method takes place. The probability of not reaching a minimum after increasing
values of χ2 is not constant. It follows the slow annealing process with the shape of
P (χ2) ∼ exp
(
−
χ2 − χ2start
T
)
, (3.3)
where χ2start is the value of χ
2 of the starting set of parameter values and T the so called annealing
function. The acceptance threshold P (χ2) is picked from [0, 1] by a random generator and then
compared to the value of the right side of Equation (3.3). In case of P (χ2) being larger than the right
side, the parameter values are reset to the values of the starting point and the annealing function
T decreases. This means, the finding of another minimum in this direction of parameter space is
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unlikely. The other case is P (χ2) being smaller than the ride side of Equation (3.3). Here, the values
are accepted as the new starting point for the next χ2-calculation and the annealing function does
not change. When the annealing function finally reaches a fixed minimum, since there are no better
χ2-values reachable, the set of parameter values found for the temporary minimum of χ2 is taken as
the global minimum parameter set.
3.1.2 Advantages and disadvantages
As we mentioned before, each algorithm holds several advantages and disadvantages and so does the
simulated annealing. As an iterative improvement algorithm the simulated annealing finds always a
local minimum during the fitting process, but whether this minimum is the global one or not cannot
be said since there is no information on that. Furthermore, the result of the fitting process depends
on the input parameter values and therefore the starting point. In general there are no constraints for
them, but in this work physical expectations can be used as a first guess. For instance, the minimum
grain size should lie at several microns and thus a starting value of one metre would not be appropriate.
And last but not least the computation time of the whole process cannot be estimated in general and
in the worst case the fitting can be an open problem (Laarhoven and Aarts, 1987).
On the other hand, the simulated annealing can be applied to general problems without knowledge
of the function to minimise, which is the case for the χ2-function of this work. In addition it is an
easy algorithm to implement and the computation time for one iteration is small. There are also
possibilities to avoid some of the disadvantages mentioned above, for example the usage of a sample
of starting points.
All in all, despite some disadvantages this algorithm is a good choice for the χ2-minimisation, since
it can easily be adapted to special problems and therefore offers a high degree of flexibility necessary
in this work.
3.2 Fitting procedure
3.2.1 Criteria for one- and two-component systems
Images reveal that debris discs may possess several rings comparable to the Asteroid and the Edgeworth-
Kuiper belt in our Solar system (e.g., Roberge et al., 2013; Donaldson et al., 2013; Su et al., 2015;
Matthews et al., 2015). Hence, SEDs of debris disc systems may contain several components as well.
Figure 3.2 shows, that in the visual and near infrared range the stellar radiation dominates, whereas in
the mid-infrared the radiation of the debris disc dust gains more influence on the measured flux densit-
ies. Finally, the far-infrared is dominated by the disc’s radiation and the star is nearly negligible. Thus
the SED can contain a warm component (an “Asteroid belt”) for instance, which has more influence
in the mid-infrared, and a cold one (an “Edgeworth-Kuiper belt”), which dominates the far-infrared
region (see Figure 3.2 left panel). So, in order to fit a SED properly, it has to be proved whether a
warm dust component is present in the system or not. Unfortunately, the majority of the observed
images cannot reveal or resolve a warm component. Hence, we have to use selection criteria given by
the SED itself.
At first, we start to fit the far-infrared photometric points beginning at a wavelength of 70 ➭m.
Here, the near-infrared and mid-infrared photometry is not included in the fitting process, since we
want to test, whether the data can be fit well with just one component or not. An examplary result
for such a fit is given in Figure 3.2 in the left panel. There is a clear deviation of the mid-infrared
photometry from the model data, which indicates the existence of a second, warmer component shown
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Figure 3.2: Left panel: Typical SED of a debris disc system fitted with one dust ring (cold component
shown in blue). Green filled circles show observational points with error bars. Deviation of model
values and observational points in the MIR region indicate the existence of a second dust ring (warm
component). Right panel: Typical SED of a debris disc system fitted with two dust rings (cold
component shown in blue, warm component shown in red.)
in the right panel. In order to prove this assumption the mid-infrared model flux densities of the best
fit are compared to the mid-infrared photometric points measured for each disc. Here, the measuring
instruments are the InfraRed Spectrograph (IRS)1 and the Multiband Imaging Photometer (MIPS)2
of the Spitzer Space Telescope as well as the Wide-Field Infrared Survey Explorer (WISE, Wright
et al. (2010)) (see Section 4.3.1 for details). We use the parameter σ ≡ (F observedi − F
model
i )/σ
observed
i
to quantify the significance of an excess. If there is a significant excess at the mid-infrared bands of
Spitzer IRS/22, WISE/22, Spitzer MIPS/24 and Spitzer IRS/31, meaning the measured flux densities
deviate more than 3σ from the derived model flux densities, then an excess is assumed. Otherwise the
second component is refused and the system is fitted with one dust component.
Now, it has to be checked, whether the fit with a second component has a significant better quality
than the fit with one component. Therefore, the χ2 of the one-component fit (shown in the left panel of
Figure 3.2) is calculated including the mid-infrared data points starting at 10➭m. At this wavelength
the measured flux densities of our sample start to deviate from the pure photospheric spectrum of
the host star. The resulting χ2-value is compared to the χ2-value of the two-component fit, which
has included the mid-infrared points as well. If the quality of the two-component fit is three times
better than that of the one-component fit, meaning if χ2one/χ
2
two > 3, than the second component is
confirmed. The same criterion was used by Ballering et al. (2013)
The third criterion includes the physical parameters of the warm component. Since the dust is
fit with a certain material, such as astronomical silicate or carbon, a sublimation temperature exists,
for which the material changes from a solid to a gaseous state. If the warm component would be set
too close to the star, the ring temperature would reach the sublimation temperature of the material.
In this case the dust particles would disappear and no thermal emission could be measured. The
fitting tool uses the disc radius as input parameter and calculates then the temperature of the grains.
Hence, the radius of the ring must be larger than the sublimation radius, for which the sublimation
temperature is reached.
Finally, if all three of the before mentioned criteria are fulfilled, a second dust component is assumed
1IRS Instrument Handbook, Version 5.0;
http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/irsinstrumenthandbook/home/
2MIPS Instrument Handbook, Version 3;
http://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/home/
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for the debris disc system. In all other cases it is refused and the system is assumed to have just one
ring component.
3.2.2 Fitting of one-component systems
A debris disc system is fit with one dust component, if at least one of the above mentioned criteria is
missed. In this case all photometric points starting at a wavelength of 10 ➭m are included in the fitting
process. As explained before, the SED fitting of debris discs can be done by using different methods,
e.g., the blackbody (BB), the modified blackbody (MBB) or the size distribution (SD) method. Each
has its advantages and disadvantages and hence it is not possible to say generally that one method is
better than the other one. For statistical analysis of large samples with hundreds of discs it is necessary
that the fitting process is fast and that all discs can be modelled without much effort. Therefore, the
blackbody method is often chosen (e.g., Ballering et al., 2013; Chen et al., 2014; Kennedy and Wyatt,
2014), since for this method only the amount of dust material and the dust temperature of the disc
have to be fit. Obviously, the simplicity of this kind of modelling does not allow conclusions about
the properties of the dust grains, such as particle size or composition, but predictions about dust
temperatures or the existence of a second component dust ring are possible. The purpose of this work
is to statistically investigate the dust properties of debris discs. Therefore, the BB-method is not
appropriate for this problem and other methods have to be applied. As could be seen in Chapter 2.1,
we will concentrate on the MBB and SD method.
MBB method
The MBB method makes use of the simplicity of the blackbody fitting, but here, conclusions about
dust grain sizes can be made as well. Since the number of modelling parameters is increased to three
(amount of dust material, cut-off wavelength and opacity index) compared to the BB method, the
process is not as fast as for the BB fitting, but statistical analysis of moderately large samples can be
easily done (e.g., Moo´r et al., 2006; Booth et al., 2013; Donaldson et al., 2013; Pawellek et al., 2014;
Moo´r et al., 2015). An example for a SED using the MBB method is given in Figure 3.3. The artificial
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Figure 3.3: SED generated with the MBB method.
“knee” generated by the cut-off wavelength λ0 can be seen easily. Furthermore, the influence of βmod
in the far-infrared region is shown. The larger βmod is, the steeper is the decrease.
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SD method
The SD method follows another idea. Here, a more realistic modelling of the dust material is fore-
grounded at the expense of the fitting fastness. The modelling parameters are now the amount of dust
material, the size distribution parameters (e.g., minimum and maximum grain size, size distribution in-
dex), the radial parameters (e.g., minimum and maximum radius of the disc, radial distribution index)
and the dust composition parameters (e.g., absorption efficiency, density). A statistical analysis of a
large or even a moderately large sample of discs with this method is very time expensive and therefore
impossible, if there are no fixed parameters or parameter constraints. In Figure 3.4 an example for a
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Figure 3.4: SED generated with the SD method for fixed radial parameters. Only the grain size
parameters are varied.
SED generated with the SD method is given. While the minimum grain size of the size distribution
has its largest influence in the mid-infrared region (∼ 30− 50 ➭m), the size distribution index, q shows
a similar behaviour than the βmod of the MBB method. The larger q is, the steeper the decrease at
far-infrared wavelengths.
The first part in the fitting process for both methods is to calculate the dust optical properties (e.g.,
Qabs) of each grain size and then determine the absorbing and emitting luminosity (see Equations (2.25)
and (2.26)). Assuming energy conservation (Equation (2.27)) the distance of the dust particle to the
star can be determined (Equation (2.28)) through numerical integration. At each fitting step (see
Section 3.2) the fitting parameter values are randomly selected within the valid range, while the
resulting model flux densities are calculated including a normalisation to the measured photometric
points in height, which represents an adaption of the dust mass (see Equation (2.12)). This means,
that there are at least three free parameters and therefore, five photometric data points are necessary
in order to fit the SED properly (see Equation (3.2)). Otherwise, the fitting process cannot uniquely
constrain the system parameters given the complexity of the model.
3.2.3 Fitting of two-component systems
The fitting procedure of a two-component debris disc system is similar to the fit of the one-component
system. Here, the first step is to fit the SED only with the cold component just including the far-
infrared points (λ & 70 ➭m). Then, the best fit parameters of the cold component are fixed and
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the warm component is added and fit assuming a pure blackbody model, now including the mid-
infrared points (λ & 10 ➭m) as well. After that, the warm component parameters are fixed and the
cold component is adapted again. This iteration process is repeated until no further improvement of
the SED model is possible, i.e. the χ2 cannot be reduced anymore. In order to fit a two-component
system, at least seven photometric data points are necessary since five free parameters do exist.
3.3 Degeneracy of fit parameters
The fitting of a SED bears the problem that the radial parameters are degenerated with the grain
size parameters. This means, that a SED can be fit either with large grains at a small distance to
the star or with small grains at a larger distance. The reason for this effect is given in Figure 2.7
for instance. The dust grains of different sizes have different temperatures at the same stellocentric
distance. In general, large grains are colder at a certain distance than small ones. Furthermore, the
dust composition plays a role in the degeneracy as well, which can be seen in Figure 2.6 in the right
panel. Dust grains of the same size but made of different materials have different temperatures, too.
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Figure 3.5: SED of a debris disc for different disc radii, grain sizes and dust materials.
Figure 3.5 does explain this in more detail. The same SED can be reproduced by using different
parameters. For astronomical silicate we can either use a disc of 10AU and a minimum grain size of
20 ➭m or a larger radius of 30AU and a small grain size of 1 ➭m. If we change the dust composition to
carbon and set the radius to 30AU as well the minimum grain size changes to 2 ➭m.
As a consequence, it is necessary to find constraints on the radial parameters or the grain size
parameters in order to get reliable results from the SED fit. Using resolved debris discs, which is the
basic idea of this work, and assuming a narrow annulus for each disc component, the radial parameters
can be fixed and the degeneracy between disc radius and dust grain size can be broken.
3.4 Determination of error bars
After fitting the SED, it is useful to know, how reliable the results are. Therefore, it is necessary
to calculate the uncertainties of the fit parameters. The method used was suggested by Steve Ertel
(Steward Obervatory, University of Arizona; Ertel (2012)) and is done the following way. Considering
the parameter space, the initial point of the calculation of the fit uncertainties is the point of the
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best fit parameter values. From here, a new annealing process is started, with the difference that
Equation (3.3) is changed to
P (χ2) ∼ exp
(
χ2start − χ
2
)
, (3.4)
and no annealing temperature is assumed in order to avoid weighting effects. In the next step it is
counted how often a certain parameter value is reached. Therefore, all values are grouped into equal-
sized bins. The resulting distribution in the parameter space represents an estimate of the probability
distribution of the parameters and is the basis for the calculation of the confidence interval of the
parameters. Such a probability distribution is given in Figure 3.6. It is obvious that the most counts
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Figure 3.6: Probability distribution in the parameter space of minimum grain size and size distribution
index in arbitrary units. The colour range gives the absolute frequencies of the pairs of parameter
values.
are situated between 3 and 3.5 of the minimum grain size and between 3.55 and 3.57 of the size
distribution index. Assuming a normal distribution here, the standard deviation for a fit parameter
can be calculated by
sparameter =
√√√√ 1
N
N∑
i=1
(xi − x¯)2, (3.5)
where N is the total number of the counted parameter values, xi the values theirselves and x¯ the mean
value of the parameter. In the following parts of this work the standard deviation is taken as the
uncertainty of the fit parameter, thus we use the 1σ confidence interval.
One important point is the width of the parameter grid in the fitting process. If the width of the
grid nodes is too broad, the uncertainty is overestimated and increases with increasing grid width. So
the grid must be fine enough in order to avoid that effect. On the other hand, if the width of the grid
nodes is to narrow no normal distribution can be reached in an adequate time. Figure 3.7 shows the
resulting probability distribution for different grid widths. In the left panel the grid has a very small
width and thus no normal distribution is visible. In the right panel the grid width is chosen very large
and the normal distribution is broadened. Hence, the uncertainties are overestimated here. The panel
in the middle represents the best choice for the grid width.
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Figure 3.7: Probability distribution in the parameter space of minimum grain size and size distribution
index in arbitrary units. The colour range gives the absolute frequencies of the pairs of parameter
values. The grid width varies from ∆s = 0.01 and ∆q = 0.001 (left) over ∆s = 0.1 and ∆q = 0.01
(middle) and ∆s = 1.0 and ∆q = 0.1 (right) with ∆s being the width of the grain size grid and ∆q
the grid of the size distribution index.
30
4 Sample
In the previous chapters we gave an introduction to the description of debris discs and explained the
technical way of modelling a SED. Since the theory is known now, it is time to choose the appropriate
targets for the SED fitting.
4.1 Resolved debris discs
In Chapter 3.3, we described the problem of degeneracy between the radial, grain size and dust
composition parameters of debris discs. In order to model a SED it is necessary to break these
degeneracies and one possibility is given by resolved debris discs. Here, the disc radii are known and
so the grain sizes can be calculated for given dust compositions. Over the last years many debris discs
were found around a wide range of spectral types and could be resolved in one or more wavelength
bands with different instruments. At this time nearly one hundred spatially resolved discs are known
around stars with spectral types ranging from B to M (see Table C.1). Thus we have the opportunity
to select the most appropriate discs.
4.1.1 Selection criteria
In this work we are going to derive statistical correlations between disc parameters and stellar proper-
ties. Therefore, it is necessary that the selected discs fulfill several requirements in order to minimise
the uncertainties in the statistical results.
Figure 4.1: Stellar systems revealing peculiarities. Left panel: 61 Vir (Wyatt et al., 2012), middle
panel: β Pic (Lagage and Pantin, 1994), right panel: ε Eri (Greaves et al., 2014b).
Every instrument observing discs has its own properties and data reduction system. To avoid
possible biases caused by different instruments, we chose discs which were all resolved with Herschel
Photoconductor Array Camera and Spectrometre (PACS) (Pilbratt et al., 2010; Poglitsch et al., 2010).
Furthermore, the selection of photometric data points which are the basis of SED fitting is important.
Reliable fitting results are only possible with a reliable set of data points including a wide wavelength
range. As a result each disc chosen for this work must have at least two high signal-to-noise flux
densities in the PACS bands (70 ➭m, 100 ➭m, 160 ➭m).
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Considering the statistical purpose of our thesis the homogeneity of the sample is important as
well. Hence, we excluded discs revealing peculiarities such as substantial asymmetries in the resolved
image (e.g. β Pic; Golimowski et al. (2006)) or nearby galaxies contaminating the disc image (e.g. 61
Vir; Wyatt et al. (2012)). We excluded discs with central peaks (e.g. ǫ Eri; Backman et al. (2009))
as well, since the determination of the disc radius identified with the location of the maximum surface
brightness(see Chapter 5) would lead to wrong values in such cases. In Figure 4.1 examples for such
peculiar discs are depicted.
4.1.2 Resulting sample
Using the criteria mentioned above, there are 39 objects out of ∼100 chosen for this work and Table 4.1
lists the resulting selection. The objects are distributed over a broad range of spectral types (M to B).
Figure 4.2 shows the frequency of objects as a function of spectral type and stellar age. Most of the
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Figure 4.2: Left: Frequency of resolved debris discs as function of spectral type. Black bars represent
the selected sample of 39 resolved objects and gray bars the whole number of 100 objects. Right:
Frequency of resolved discs of the 39-disc-sample as function of stellar age. For each star with more
than one age reference, the age given is the geometric mean value reported in those papers (see
Table (4.2).
host stars of the discs chosen have spectral type A (20 targets) or F (7 objects). There are 7 K-type
stars, two G and two M-stars and one B-type star. Besides targets of luminosity class V the sample
contains class III and IV stars as well. The stellar ages vary between 15 Myr and 2500 Myr and show
an equal distribution over the range. The sample does not claim completeness and could be biased in
several ways. In order to check it for possible biases we made additional tests which are explained in
Chapter 5.
4.2 Stellar parameters
Knowing the influence of the host star(s) of a debris disc is necessary in order to compute the excess
emission and to fit a SED properly. Therefore, it is essential to derive the photosphere from the
stellar parameters. In this work these parameters were collected from the literature. If different values
were given for one target, the arithmetic mean value was taken, except for the stellar ages where the
geometric mean was used. In Table 4.2 the resulting values are listed.
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Table 4.1: Sample of resolved debris discs
HD HIP Name Program Ref
166 544 - a 1
10647 7978 q1 Eri a 2
23484 17439 - a 3
48682 32480 56 Aur a 1
131511 72848 DE Boo a 1
207129 107649 - a 4
95418 53910 β Uma b 5
102647 57632 β Leo b 5
109085 61174 η Crv b 5
13161 10064 β Tri b 6
14055 10670 γ Tri b 6
20320 15197 ζ Eri b 6
71155 41307 30 Mon b 6
110411 61960 ̺ Vir b 6
125162 69732 λ Boo b 6
139006 76267 α CrB b 6
188228 98495 ǫ Pav b 6
- 74995 GJ 581 b 7
27290 19893 γ Dor b 8
218396 114189 HR 8799 c 9
172167 91262 Vega d 10
197481 102409 AU Mic d 11
216956 113368 Fomalhaut d 12
9672 7345 49 Cet e 13
10939 8241 q2 Eri f 14
17848 13141 ν Hor f 14
21997 16449 HR 1082 f 15
50571 32775 HR 2562 f 14
95086 53524 - f 16
161868 87108 γ Oph f 14
170773 90936 HR 6948 f 14
182681 95619 HR 7380 f 14
195627 101612 ϕ1 Pav f 14
92945 52462 V419 Hya g 19
104860 58876 - g 17
142091 77655 κ CrB h 18
71722 41373 HR 3341 i 17
128311 71395 HN Boo j -
192263 99711 V1703 Aql j -
Programmes:
[a] DUNES; [b] DEBRIS; [c] OT1 bmatthew 4; [d] KPGT golofs01 1; [e] GASPS; [f] OT1 pabraham 2; [g] OT1 gbryden 1;
[h] OT1 abonsor 1; [i] OT2 fmorales 3 [j] OT1 amoromar 1.
References:
[1] Eiroa et al. (2013); [2] Liseau et al. (2010); [3] Ertel et al. (2014); [4] Marshall et al. (2011); [5] Matthews et al. (2010);
[6] Booth et al. (2013); [7] Lestrade et al. (2012); [8] Broekhoven-Fiene et al. (2013); [9] Matthews et al. (2014a); [10] Sibthorpe
et al. (2010); [11] Matthews et al. (in prep.); [12] Acke et al. (2012); [13] Roberge et al. (2013); [14] Moo´r et al. (2015); [15] Moo´r
et al. (2013b); [16] Moo´r et al. (2013a); [17] Morales et al. (2013); [18] Bonsor et al. (2013); [19] Stapelfeldt et al. (2013).
Stellar photospheres
The stellar photospheres were modelled by Benjamin Montesinos (Departamento de Astrof´ısica, CAB,
CSIC-INTA) in the following way. With the stellar parameters the synthetic spectra were calculated by
interpolating the PHOENIX/GAIA model grid (Brott and Hauschildt, 2005). The two stars HD 182681
and HD 188228 have stellar temperatures above 10000K. Since the PHOENIX grid does not go beyond
this temperature, these models were replaced by ATLAS9 models (Castelli and Kurucz, 2004).
The SEDs were built using the optical and near-infrared data from different catalogues. The
Hipparcos catalogue (CDS catalogue I/239/hip main) provided the Johnson BV and the Cousins Ic
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photometry, and Cutri et al. (2003) (CDS catalogue II/246) the 2MASS JHKs photometry. The
photometric points were given in magnitudes, so a transformation to flux densities was necessary.
Therefore, the calibrations by Bessell (1979) (BV Ic) and Cohen et al. (2003) (JHKs) were used.
Then the generated model photospheres for each star were normalised to the given photometry by
taking the Ic flux density as reference. The 2MASS data were not used for normalisation since for a
number of targets these data were of poor quality. The object GJ 581 was an exeption since here, the
2MASS Ks data were used. This was done in order to reach a better fit to the photometry points in
the near-infrared.
Correction for extinction
Another aspect is the possibility that distant objects are affected by extinction. If that is the case,
the stellar photospheres have to be corrected in order to get a realistic result for the stellar influence.
All of the targets of the sample are located in the Local Bubble (d < 100pc), where the extinction
in the optical band is Av . 0.1mag (e.g., Frisch et al., 2011; Reis et al., 2011). The uncertainties
in the measured magnitudes are of the same order. We assume Av = 0.2mag as the worst case, as
well as an extinction ratio A(Ic)/Av ≈ 0.5 refering to the Ic band to which the stellar photospheres
were normalised (Rieke and Lebofsky, 1985). Hence, the extinction for the objects should be of the
order of . 0.1mag. Without dereddening the true photospheric flux density would be underestimated
by . 10% in that case. Considering the mid-infrared, where the excess flux densities lie only slightly
above the photospheric ones, there would be an overestimate of the excess by the same 10%, which is
the highest possible uncertainty only reachable for the largest extinction and excess flux densities close
to the photospheric ones. Refering to the sample chosen for this work the uncertainty due to extinction
lies at several percent and is comparable to the measurement uncertainties in the mid-infrared.
Nine stars which were all observed by the OT1 pabraham 2 programme were checked for possible
extinction, including the most distant objects of the sample, HD 21997 (d = 71.9pc) and HD 95086
(d = 90.4pc). Only HD 21997 revealed reddening, where Av was found to be ≈ 0.16mag, and hence
A(Ic) = 0.08mag. The flux density at 24➭m is 2.2 times the photospheric flux density and therefore,
the estimated uncertainty due to reddening is 4%. Looking at the far-infrared region the excess
flux densities are one to three orders of magnitude higher than the photospheric ones and hence the
extinction effect is negligible here.
4.3 Photometry
4.3.1 Mid-infrared photometry
We used flux densities at wavelengths longwards of 10 ➭m in the SED modelling, including WISE/12
and /22 (WISE All-Sky Release Catalog; Wright et al. (2010)), AKARI /18 (AKARI All-Sky Cata-
logue; Ishihara et al. (2010)), measurements taken with MIPS/24 (e.g., Su et al., 2006; Chen et al., 2012)
and IRS of the Spitzer Space Telescope. (e.g., Spitzer Heritage Archive; Chen et al. (2014) and CAS-
SIS archive1, Lebouteiller et al. (2011); Werner et al. (2004)). In some cases Gemini/MICHELLE data
were provided (Churcher et al., 2011a) as well as MMT/BLINC (Stock et al., 2010) and Keck/MIRLIN
(Wahhaj et al., 2007). We took the photometric data from the literature, if they were given. In cases
where no values were reported there, we took them from the above mentioned catalogues, which we
accessed through Vizier and NASA/IPAC Infrared Science Archive. All photometric data can be found
in Table A.1.
1http://cassis.sirtf.com/atlas/query.shtml
34
4.3. PHOTOMETRY
Table 4.2: Stellar Parameters Sorted by Stellar Luminosity
HD HIP Name d [pc] SpT L/L⊙ Teff/KM/M⊙ log(g) [Fe/H] Ref Age/Myr
f Age ref
- 74995 GJ 581 6.2 M5V 0.012 3498 0.31 4.90 0.00 1 3996 1, 2, 3
197481 102409 AU Mic 9.9 M1Ve 0.062 3600 0.48 4.60 0.00 2 17 4, 5, 6
128311 71395 HD Boo 16.6 K3V 0.29 4965 1.32 4.83 0.20 3 310 7
192263 99711 V1703 Aql 19.9 K1/2V 0.31 4975 0.83 4.60 0.05 3 2090 8
92945 52462 V419 Hya 21.6 K1V 0.36 5183 1.18 4.76 0.13 3 300 7
23484 17439 - 16.0 K2V 0.41 5166 0.79 4.44 0.05 4 930 9
131511 72848 DE Boo 11.5 K0V 0.49 5335 0.97 4.60 0.17 3 700 9
166 544 V439 And 13.7 K0V 0.61 5577 0.96 4.58 0.18 3 320 9
104860 58876 - 45.5 F8 1.16 5930 1.04 4.39 -0.26 5, 6, 7 200 10
207129 107649 - 16.0 G2V 1.25 5912 1.06 4.44 -0.01 4 2499 9, 11, 12
10647 7978 q1 Eri 17.4 F9V 1.52 6155 1.12 4.48 -0.04 4 1307 9, 12, 13, 14
48682 32480 56 Aur 16.7 G0V 1.83 6086 1.17 4.35 0.09 4 1380 9
50571 32775 HR 2562 33.6 F5VFe+0.4 3.17 6490 1.35 4.23 -0.01 5, 6, 7, 8 449 13, 14, 15
170773 90936 HR 6948 37.0 F5V 3.44 6590 1.38 4.29 -0.05 5, 6, 7, 9 574 7, 13, 15
218396 114189 HR 8799 39.4 A5V 4.81 7380 1.51 4.29 -0.50 5, 7, 9 71 13, 16, 17
109085 61174 η Crv 18.2 F2V 4.87 6950 1.53 4.14 -0.08 10 1768 18, 19, 20
27290 19893 γ Dor 20.5 F1V 6.27 7070 1.62 4.10 -0.13 5, 7, 8 896 17, 19
95086 53524 - 90.4 A8III 7.04 7530 1.70b 4.29 0.00 5, 7 15 15, 21
195627 101612 φ1 Pav 27.8 F0V 7.36 7200 1.69 4.05 -0.12 5, 7, 8 842 7, 15
20320 15197 ζ Eri 33.6 kA4hA9mA9Va 10.3 7575 1.85 4.05 0.04 5, 7, 8 800 19
21997 16449 HR 1082 71.9 A2IV/V 11.2 8325 1.89 4.30 0.00 5, 7, 11 44 15, 17, 22
110411 61960 ̺ Vir 36.3 A0V 11.7 8710 1.91 4.18 -1.10 5, 7, 9 71 19, 23
142091 77655 κ CrB 30.5 K1IVa 12.5 4815 1.80c 3.12 -0.09 5, 7, 9 2345 24, 25
102647 57632 β Leo 11.0 A3Va 13.2 8490 1.97 4.26 0.00 5, 7, 9 82 19, 23, 26, 27
125162 69732 λ Boo 30.4 A0p 15.4 8550 2.05 4.11 -1.86 5, 7, 9 301 19, 23
216956 113368 Fomalhaut 7.7 A4V 15.5 8195 2.06 4.17 0.10 5, 7, 8 200 28
17848 13141 ν Hor 50.5 A2V 15.7 8400 2.07 4.20 0.00 5, 7, 11 261 14, 15, 29
9672 7345 49 Cet 59.4 A1V 16.0 9000 2.07 4.30 0.10 12 36 13, 15, 29, 30
71722 41373 HR 3341 71.7 A0V 18.5 8925 2.16 4.29 0.00 13 100 10
182681 95619 HR 7380 69.9 B9V 24.9 10000 2.33 4.30 0.00 5, 7 73 15
14055 10670 γ Tri 34.4 A1Vnn 25.0 9350 2.33 4.19 0.00 5, 7 160 19
161868 87108 γ Oph 31.5 A0V 26.0 9020 2.36 4.12 -0.81 5, 7, 9 276 15, 17, 23
188228 98495 ǫ Pav 32.2 A0Va 26.6 10190 2.37 4.23 -0.04 5, 7, 8 50 19, 23
10939 8241 q2 Eri 62.0 A1V 31.3 9200 2.47 4.17 0.00 5, 7, 11 352 7, 15, 31
71155 41307 30 Mon 37.5 A0V 35.7 9770 2.56 4.06 -0.44 5, 7, 9 169 19, 23
172167 91262 Vega 7.7 A0V 51.8 9530 2.83 3.93 -0.43 5, 7, 9 265 23, 32
139006 76267 α CrB 23.0 A0V 57.7 9220 3.50d 3.77 0.00 5, 7, 9 291 19, 23
95418 53910 β UMa 24.4 A1IVps 58.2 9130 2.70e 3.76 0.06 5, 7, 9 305 19, 23
13161 10064 β Tri 38.9 A5III 73.8 8010 4.90d 3.62 0.20 5, 7, 9 730 19
Notes:
The effective temperatures, metallicities and gravities are averaged over the listed literature values. aGray-Corbally notation.
See App. A2 in Trilling et al. (2007) for its explanation. The stellar masses were taken from the literature or computed from
the luminosities by means of a standard relation M ∝ L1/3.8 if no mass value was given. Exceptions for other luminosity classes
or close binaries are the following: bstellar mass from Moo´r et al. (2013a) (giant); c stellar mass from Bonsor et al. (2012)
(subgiant); dsum of the stellar masses from Kennedy et al. (2012a) (close binaries); estellar mass from Booth et al. (2013)
(subgiant); fFor each star with more than one age reference, the age given is the geometric mean of the values reported in those
papers.
References:
[1] von Braun et al. (2011); [2] Torres (2010); [3] Valenti and Fischer (2005); [4] Eiroa et al. (2013) and references therein;
[5] Gray (1992); [6] Holmberg et al. (2009); [7] Allende Prieto et al. (1999); [8] Gray et al. (2006); [9] Gray et al. (2003);
[10] Ducheˆne et al. (2014); [11] Paunzen et al. (2006); [12] Roberge et al. (2013); [13] Morales et al. (2013).
Age references:
[1] Lestrade et al. (2012); [2] Engle and Guinan (2011); [3] Selsis et al. (2007); [4] Zuckerman et al. (2001); [5] Ortega et al.
(2004); [6] Mamajek and Bell (2014); [7] Chen et al. (2014); [8] Dragomir et al. (2012); [9] Eiroa et al. (2013); [10] Morales
et al. (2013); [11] Lo¨hne et al. (2012); [12] Trilling et al. (2008); [13] Moo´r et al. (2006); [14] Rhee et al. (2007); [15] Moo´r et al.
(2015); [16] Marois et al. (2010); [17] Chen et al. (2006); [18] Ducheˆne et al. (2014); [19] Vican (2012); [20] Beichman et al.
(2006); [21] Moo´r et al. (2013a); [22] Moo´r et al. (2011); [23] Su et al. (2006); [24] Bonsor et al. (2012); [25] Bonsor et al. (2014);
[26] Churcher et al. (2011a); [27] Song et al. (2001); [28] Acke et al. (2012); [29] Nielsen et al. (2013); [30] Roberge et al. (2013);
[31] Morales et al. (2011); [32] Sibthorpe et al. (2010).
4.3.2 Far-infrared and sub-mm photometry
For the majority of targets in the sample the Herschel/PACS and SPIRE2 (Griffin et al., 2010) fluxes
were derived in the original papers, cited in Table 4.1. In contrast to Pawellek et al. (2014) this work
includes five additional K-stars, whose data were not all published yet. Furthermore, there are different
2Spectral and Photometric Imaging Receiver
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reduction methods employed by different groups and so the photometric data had to be derived for
the first time or cross-checked. This was done by Jonathan Marshall (University of New South Wales)
the following way. The data were reduced by using the Herschel Interactive Processing Environment
(HIPE, Ott, 2010), user release 10.0.0 and PACS calibration version 45. From the Herschel Science
Archive (HSA) the level 1 data, which means basic calibrated data, were obtained and processed by
using the standard pipeline script with a pixel fraction of 1.0, a pixel size of 1′′ at 70 and 100 ➭m and
2′′ at 160 ➭m, respectively. Furthermore, it was adopted that the high pass filters had a width of 15,
20 and 25 frames. In order to avoid the skewing of the background measurement, a region with a
radius of 20′′, which was centered on the expected star location, and other sources with a SNR ≥ 5 (as
measured by sextractor in the observation’s level 2 scan from the HSA), were masked from the high
pass filtering process. The performance of the deglitching was done by the second level deglitching task
which is appropriate for bright sources. If a target was observed with the two channel combinations
of 70/160 and 100/160 the final mosaic was produced by the combination of the four 160 ➭m scans.
The usage of an IDL script based on the APER photometry routine from the IDL astronomy
library3 allowed the measuring of the flux densities. The radius of the flux aperture varied in the
PACS images. This depended on the extent of the disc, which lied typically between 15′′–20′′. The
apertures were corrected in the way provided by Table 2 of Balog et al. (2013). For 15′′ aperture radius
these are 0.829 at 70 ➭m, 0.818 at 100 ➭m, and 0.729 at 160➭m. For 20′′ aperture radius the correction
factors are 0.863, 0.847 and 0.800, respectively. The sky background and the r.m.s. variation had to
be estimated as well. This was done by the calculation of the mean and standard deviation of five
square apertures with sizes which matched the same area as the apertures of the flux densities at each
wavelength and for each target. At distances of 30′′–60′′ from the source peak the sky apertures were
now randomly scattered, whereas for Vega (HD 172167) and HR 8799 (HD 218396) these distances
were larger since they have very extended discs. This was done in order to avoid the central region
where the target disc lay and in order to avoid any identified background sources in the image. The
apertures of 35′′ for sky boxes are many times bigger than a single native pixel of 3.2′′ and 6.4′′ at
100 ➭m and 160 ➭m, respectively. Therefore, a correction factor for correlated noise is not required and
in addition there are sufficient numbers of apertures. Details of the noise measurement using multiple
apertures can be found in Eiroa et al. (2013). For all three PACS bands a calibration uncertainty of
5% was assumed (Mu¨ller et al., 2011). It dominates in nearly all cases the total measured uncertainty
of the target. An exception are the faintest sources with a flux density of less than ∼ 150 mJy at
100 ➭m. Here, the sky noise can make a larger contribution to the total uncertainty in some cases.
The SPIRE flux densities were measured with aperture radii of 22′′at 250 ➭m, 30′′at 350 ➭m and
42′′at 500➭m. In contrast to the PACS instrument the sky background and r.m.s. were estimated
by the usage of a sky annulus between 60′′–90′′, which was centered in the source position, while a
calibration uncertainty of 7.5%4 was assumed for the three SPIRE bands.
As mentioned above, the resulting flux densities were compared with the ones reported in the
literature if they were available. They agree within a ∼ 10% range and thus, the derived flux densities
of the K-stars, where no literature values exist can be used reasonably well. For all other targets the
values were taken from the literature, since they are the result of detailed individual analysis rather
than this more general approach given here. The photometric data can be found in Table A.2.
3idlastro.gsfc.nasa.gov
4Taken from SPIRE observer’s manual, Sect. 5.2.12
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5 Resolved disc radii
In the last chapter we selected 39 well resolved debris discs which shall form the basis of our statistical
analysis. Nevertheless, we cannot start the SED modelling, since we do not know the disc radii. These
are necessary to break the notorious degeneracy between radial and dust grain size parameters and thus
we use the resolved images of each disc and identify the disc radii with the location of the maximum
surface brightness. Furthermore, we assume that each disc ring is confined to a narrow annulus with
an eccentricity equal to zero and a width of ±1% of the derived radius. For an Edgeworth-Kuiper-belt
like dust ring (see Figure 1.1) the small width is understandable, since the region of the underlying
planetesimal belt shelters the most emitting dust and is expected to be relatively narrow (e.g., Kennedy
and Wyatt, 2010). In case of the warm component this assumption is necessary, since the flux densities
and the photospheric subtraction in the mid-infrared possess large uncertainties.
The question now is what kind of images and which wavelength band should be taken to derive the
disc radii. The decision fell on the Herschel -PACS1 images (Poglitsch et al., 2010), since many debris
discs could be resolved in at least one PACS band. This is important for the statistical purpose of
this work, which requires homogeneity in terms of observational technique in order to avoid systematic
discrepancies.
5.1 PACS images
The PACS instrument of Herschel (Pilbratt et al., 2010) allows the usage of three different wavelength
bands, namely 70 ➭m, 100➭m and 160 ➭m. An example for a typical image is given in Figure 5.1,
where the object HD 218396 (HR 8799) is shown in all three bands. From 70➭m to 160➭m the beam
size is increasing, which means that the best angular resolution can be reached at 70 ➭m. At this
band the disc radii can be derived with the best accuracy possible with PACS. On the other hand
the 160➭m band can detect colder dust particles, refering to Wien’s displacement law (Wien, 1896).
Due to the size dependence of the grain temperature (see Figure 2.6) the colder particles are assumed
to be larger in size. The larger grains are less affected by stellar radiation and have a low β value
(see Section 2.2.2). Thus they better trace their parent planetesimals. We finally chose the 100 ➭m
wavelength band, since it is the best compromise between the best angular resolution at 70➭m and
the possibility of detecting the largest grains at 160➭m. Furthermore, for most of the discs the peak
of the excess emission lies in the wavelength range of 100➭m. This minimises the stellar influence of
the measured flux densities in this band. For the objects HD 9672 (49 Cet),HD 92945, HD 128311,
HD 192263, HD 197481 (AU Mic) and HD 216956 (Fomalhaut) no Herschel/PACS images were taken
at 100 ➭m. Therefore, 70➭m images are used to derive the disc radii for these targets.
The location of the maximum surface brightness is inferred from the peak of the source brightness
profile measured by fitting a two dimensional Gaussian to the target. The values of FWHM are often
given in the literature, but for this work they were recalculated. One reason for the recalculation is the
care for comparability and homogeneity of the results by treating all objects the same way. A second
reason is the lack of FWHM-values for some debris discs in the literature. At time of this writing
some objects had no published data and in addition some data were only given in a reduced way. For
1Photodetector Array Camera and Spectrometer
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Figure 5.1: PACS images of HD 218396 in the 70 ➭m band (left), the 100➭m band (middle) and the
160 ➭m (right). The white circles in the bottom left corner of each panel show the beam size of the
PACS bands. The pixel size is 1′′ for 70 ➭m and 100 ➭m and 2′′ for 160 ➭m. From: Matthews et al.
(2014a).
instance, the point spread function (PSF) of PACS was already subtracted from the image and the
method to derive the disc radii described in the next section would subtract the PSF for a second time
and thus lead to wrong results.
5.2 Method description
The method to derive the disc radii from the resolved (PACS-) images was invented by Alexander
Krivov (University of Jena) and Jonathan Marshall and works in the following way. A grid of fiducial
discs is considered at a distance d = 20 pc from the observer. The outer disc radii vary between 10
and 210 AU with all in all 11 different values. The model ring width is supposed to be 10 AU, which is
roughly consistent with the assumption of ±2% ring width for the sample (e.g., Strubbe and Chiang,
2006; Chen et al., 2006; The´bault and Augereau, 2007). Two extreme inclinations are assumed, namely
face-on (0◦) and edge-on (90◦), but in general, the inclination of a disc is not well constrained (e.g.,
Booth et al., 2013; Greaves et al., 2014a). Therefore the chosen ones will deliver an upper and lower
limit of the discs radii.
The signal-to-noise ratio (SNR) of the source influences the measured extent of the disc models in
the grid. In order to test its degree of influence, the fiducial disc images are combined with a Gaussian
noise component, covering a SNR-range from 5 to 100 considering the peak of the source. The lower
SNR value represents the minimum necessary for the detection of the disc, whereas the upper value
is chosen to mimic an “infinite” SNR which is limited by calibration uncertainties of the absolute flux
density. It lies at σ ∼ 5% for PACS (Balog et al., 2013). Using the definition of SNR = Fν/σ the
calibration uncertainty corresponds to a SNR of 20. On the other hand, the relative brightness of the
disc compared to the root mean square of the background can be higher than 20. Hence, to cover all
plausible disc extents, the upper value is set to 100.
Now, synthetic images of the discs at 100 ➭m are produced, for which the total disc flux density is
set to 0.5 Jy. Looking at the flux densities of the sample of 39 resolved discs this is a good estimate,
but here, we are using the brightest discs, i.e. the top end of the brightness distribution of debris discs
and thus the model value chosen is not a typical value. The Edgeworth-Kuiper belt for instance is
expected to have a flux density of 0.2 mJy at 100➭m which is an order of magnitude less than 0.5 Jy
(e.g., Vitense et al., 2012; Bryden et al., 2009; Moro-Mart´ın et al., 2015). However, since the effects of
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SNR and the star-to-disc relative brightness are of interest and not the absolute brightness, the total
disc flux density is not of importance.
The next step is the convolution of the disc models with the PSF of the PACS/100 band calibrated
with the star α Boo. Furthermore, a stellar contribution is added at different Fstar/Fdust levels at
100 ➭m between 0 and 1. The resulting source brightness profiles are fit with a 2D Gaussian profile in
order to find the FWHMs of the convolved synthetic images in the long-axis direction.
The final result is a grid of fiducial discs giving the FWHM as a function of Rdisc/d, orientation
(edge-on or face-on), SNR and Fstar/Fd. It is shown in Figure 5.2. Obviously, the SNR has only a
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Figure 5.2: Resulting grid of fiducial discs. Left panel: FWHM divided by FWHM at SNR=5 as
function of disc radius. Red squares represent SNR=100, blue circles SNR=10 and green triangles
SNR=5. The green solid line shows the trend line through the green triangles. Right panel: FWHM as
function of disc radius in the edge-on case for different values of Fstar/Fdust: red squares Fstar/Fdust =
0.001; green circles Fstar/Fdust = 0.010; blue triangles Fstar/Fdust = 0.100. Coloured solid lines show
the best quadratic fit through the same coloured symbols.
small influence on the FWHM. The largest deviation of FWHM for SNR=5 and larger SNR lies within
3%. Hence, we will neglect it here. For small disc radii (up to 50 AU) the FWHM is dominated by the
PSF of PACS and shows no significant increase with the disc radius. For larger disc radii the FWHM
increases linear with it. In order to fit both, the constant and the linear part, we fit the FWHM with
a quadratic function, which is shown in the right panel.
After preparing the grid of fiducial discs, the observed 100 ➭m disc images of the 39 targets of the
sample are fit by a 2D Gaussian profile. The resulting FWHM of the long axis is compared to the
model FWHM of the grid (see Figure 5.2), which has the selected orientation (face- or edge-on) and the
Fstar/Fdust- ratio at 100 ➭m derived from the SED. Now, the inferred disc radius is corrected for the
appropriate distance d stemming from HIPPARCOS catalogue (van Leeuwen, 2007). The inclinations
of the observed discs vary between face-on and edge-on. Therefore, the mean value of the disc radii
for both of these orientations is taken as the “physical” radius of the disc.
5.3 Results
In this section we are going to analyse the results of the method described above and applied to the
sample of 39 resolved disc in order to identify possible biases or method constraints. Furthermore, we
will investigate the accuracy of this method.
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5.3.1 FWHM for major axes
As shown in Figure 5.3 and refering to the sample of 39 debris discs chosen for this work, more luminous
stars tend to lie at larger distances from the observer than less luminous stars, while the FWHM of the
discs around more luminous stars tend to be smaller than around less luminous stars. A consequence
is that discs around A- or F-type stars are often less well resolved than discs around G-type stars,
since they are smaller in angular size and therefore the determination of the disc radius could be more
uncertain for them.
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Figure 5.3: Distance to target (left panel) and long-axis FWHM at 100 ➭m (right panel) as function
of stellar luminosity. Black circles represent well resolved discs, i.e. discs with FWHM > 1.4 PSF;
red squares show discs with FWHM < 1.4 PSF; blue triangles show objects, where 70➭m images were
used to derive the FWHM. Grey-shaded areas correspond to 1.0, 1.4 and 2.0 times the beam size of
PACS at 100➭m. Here, 6.7′′ is assumed for the PSF (PACS Observer’s Manual3). Tilted straight lines
are log-log best fits through the symbols.
5.3.2 Disc radii
The results of the radius derivation are listed in Table 5.1. The radii are compared with values given
in the literature. In general, the derived disc radii are in good agreement with the literature values.
Possible biases
Figure 5.4 depicts the model results which are close to the values reported in the literature. Exceptions
are GJ 581, HD 10647 (q1 Eri), HD 27290 (γ Dor), HD 102647 (β Leo) and HD 172167 (Vega), since
here, Rdisc and R
ref
disc (data from the literature) differ by more than 20%. We now consider a sample
size of 37 targets, ignoring HD 166 and HD 192263 which only possess blackbody radii reported in the
literature. Hence, the critical value of the correlation coefficient lies at 0.42 (see Chapter 2.3). Values
larger than that show a statistically significant correlation. The comparison between radius deviation
and stellar luminosity shows no significant trend (rPearson = 0.00 and rSpearman = +0.21). The same
applies to the correlations between radius deviation and FWHM (rPearson = 0.06 and rSpearman =
−0.03) or distance (rPearson = −0.06 and rSpearman = −0.01), respectively.
This leads to the conclusion that the model does not invoke systematic biases by determining the
debris disc radius and therefore it can be used without further constraints on resolved debris discs.
3http://herschel.esac.esa.int/Docs/PACS/html/ch03.html#sec-characteristics-photometer
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Table 5.1: FWHM of sample objects derived from PACS images.
HD Band L/L⊙ d [pc] FWHM [arcsec] Fstar/Fd Rdisc [AU] R
ref
disc [AU] Ref.
GJ 581 100 0.012 6.2 13.60 ± 0.41 0.150 38 31 1
197481 70 0.062 9.9 10.15 ± 0.05 0.000* 37 40 2
128311 70 0.29 16.6 8.87 ± 0.30 0.000* 58 52 3
192263 70 0.31 19.9 8.21 ± 0.25 0.000* 53 11** 4
92945 70 0.37 21.6 9.81 ± 0.04 0.000* 72 59 5
23484 100 0.41 16.0 13.76 ± 0.14 0.050 93 92 6
131511 100 0.49 11.5 11.85 ± 0.27 0.500 74 70 7,8
166 100 0.61 13.7 8.81 ± 0.09 0.150 40 8** 9
104860 100 1.16 45.5 8.63 ± 0.05 0.003 113 122 10
207129 100 1.25 16.0 21.15 ± 0.08 0.030 144 163 11
10647 100 1.52 17.4 15.62 ± 0.03 0.008 114 85 12
48682 100 1.83 16.7 18.01 ± 0.07 0.030 129 130 13
50571 100 3.17 33.6 11.09 ± 0.05 0.010 139 153 14
170773 100 3.44 37.0 13.57 ± 0.02 0.003 203 217 14
218396 100 4.81 39.4 17.08 ± 0.02 0.003 282 300 15
109085 100 4.87 18.2 17.51 ± 0.21 0.080 142 164 16
27290 100 6.27 20.5 14.25 ± 0.16 0.100 129 190 17
95086 100 7.04 90.4 9.35 ± 0.02 0.001 272 270 18
195627 100 7.36 27.8 14.83 ± 0.04 0.010 171 179 14
20320 100 10.3 33.7 11.16 ± 0.22 0.080 149 128 19
21997 100 11.2 71.9 8.46 ± 0.02 0.001 170 175 14
110411 100 11.7 36.3 9.62 ± 0.08 0.030 118 109 19
142091 100 12.5 30.5 10.64 ± 0.03 0.100 127 140 20
102647 100 13.2 11.1 10.17 ± 0.03 0.150 44 70 21
125162 100 15.4 30.4 10.47 ± 0.06 0.030 116 100 19
216956 70 15.5 7.7 42.57 ± 0.02 0.000* 127 138 22
17848 100 15.7 50.5 11.57 ± 0.07 0.010 223 232 14
9672 70 16.0 59.9 8.74 ± 0.01 0.000* 170 196 14
71722 100 18.5 71.7 7.71 ± 0.09 0.010 128 138 10
182681 100 24.9 69.9 9.03 ± 0.02 0.003 195 200 14
14055 100 25.0 34.4 12.19 ± 0.02 0.010 164 148 19
161868 100 26.0 31.5 11.76 ± 0.01 0.010 143 152 14
188228 100 26.6 32.2 8.97 ± 0.26 0.200 102 128 19
10939 100 31.3 62.0 9.62 ± 0.03 0.008 199 208 14
71155 100 35.7 37.5 8.15 ± 0.12 0.100 85 84 19
172167 100 51.8 7.8 34.51 ± 0.02 0.080 108 85 23
139006 100 57.7 23.0 8.28 ± 0.04 0.250 61 53 19
95418 100 58.2 24.5 8.09 ± 0.05 0.300 62 52 19
13161 100 73.8 38.9 10.46 ± 0.03 0.080 154 129 19
Notes:
Band gives the wavelength of the PACS image in microns and Fstar/Fd gives the flux density ratio at
the wavelength used. Flux density ratios marked with (*) are set to zero, since for 70 ➭m no model
with stellar influence exists. The disc radii Rdisc are mean values of the face-on and edge-on values for
each star while Rrefdisc are the values reported in the literature cited under References. Radii marked
with (**) are blackbody radii. Here, no “true” disc radii are given in the literature.
References:
[1] Lestrade et al. (2012); [2] Schu¨ppler et al. (2015); [3] Moro-Mart´ın et al. (2010); [4] Janson et al.
(2013); [5] Schneider et al. (2014); [6] Ertel et al. (2014); [7] Kennedy (2015); [8] Marshall et al.
(2014a); [9] Moro-Mart´ın et al. (2015); [10] Morales et al. (2013); [11] Lo¨hne et al. (2012); [12] Liseau
et al. (2010); [13] Stapelfeldt et al. (in prep.); [14] Moo´r et al. (2015); [15] Matthews et al. (2014a);
[16] Ducheˆne et al. (2014); [17] Broekhoven-Fiene et al. (2013); [18] Moo´r et al. (2013a); [19] Booth et al.
(2013); [20] Bonsor et al. (2012); [21] Churcher et al. (2011a); [22] Acke et al. (2012); [23] Sibthorpe
et al. (2010)
Radius correlations
The upper left panel of Figure 5.5 suggests that the disc radius is increasing with increasing distance
to the host star with a slope of ∼ 1.3. It is understandable, that discs around distant stars and with
a small radius cannot be resolved, since their angular size would be smaller than the beam size of the
telescope. Hence, the empty right bottom area can be explained by an observational bias. On the
other hand, the empty upper left area is not as easy to explain, since the discs in this area should be
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Figure 5.4: Upper left panel: The derived disc radius compared to the literature value as a function
of stellar luminosity. Upper right panel: The derived disc radius compared to the literature value as a
function of FWHM at 100 ➭m. Lower panel: The derived disc radius compared to the literature value
as a function of distance. The straight dotted lines represent the constant fit to the symbols and the
factor a gives the value for this line. Symbols are the same as in Figure (5.3). The objects HD 166
and HD 192263 were excluded here, since only the blackbody radii of the discs were given.
close to the Sun, should be larger in radius and therefore, should be easily resolvable. A possibility for
the lack of such discs is given in the upper right panel of Figure 5.5. Most of the discs in the sample
used have a size between 100 AU and 150 AU. Discs with larger radii are rare. So the probability of
having discs with large radii in a short distance is very small and the empty area could be explained
by a statistical effect due to a small sample size. Another possibility is that stars at a short distance
(up to 20 pc) tend towards smaller stellar luminosities, which is shown in Figure 5.3. Hence, there are
more low-luminosity stars with large discs in the solar neighbourhood. For such disc images the flux
per pixel is too small to be recognised by the telescope, so these discs have too low a surface brightness
for detection and therefore, the empty area is explainable by another kind of observational bias.
An interesting correlation is shown as well in the lower panel of Figure 5.5. Here, the inferred disc
radii are shown as function of stellar luminosity. They vary between ≈ 40 AU and ≈ 280 AU, but no
systematic increase exists. Indeed, the straight dotted line increases with stellar luminosity, however
this result strongly depends on a few outliers, such as the two M-stars GJ 581 and AU Mic. The
correlation coefficients confirm statistical insignificance (rPearson = 0.52 and rSpearman = 0.32).
Considering the protoplanetary disc phase, it is assumed that a disc can be roughly divided into
three regions: terrestrial planet formation (0-5 AU), giant planet formation (5-20 AU) and Edgeworth-
Kuiper belt formation (> 20 AU). In addition, the first two regions are characterisable by condensation
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Figure 5.5: Upper left panel: Derived disc radius as a function of distance. Upper right panel:
Frequency of the derived disc radii. Lower panel: Derived disc radius as a function of stellar luminosity.
The straight dotted lines represent the best log-log fit to the symbols and the factor b gives the value
for the slope. Symbols are the same as in Figure (5.3).
fronts (Pontoppidan et al., 2014, and references therein). Therefore, the formation of planets seems to
be connected to the location of volatiles and snow-lines. This is supported by our own solar system,
where the dry terrestrial planets lie close to the Sun while the icy giant planets are located further
out. Hence, temperature-driven processes might play an important role for the planet forming regions,
but refering to the absence of a correlation between disc radius and stellar luminosity it seems that
the Edgeworth-Kuiper belt region and its final shape in the remaining debris disc depends on more
dynamical processes. For instance a detailed collisional modelling of e.g., HD 207129 (Lo¨hne et al.,
2012) or Vega (Mu¨ller et al., 2010) showed their compatibility with a steady-state collisional cascade in
a narrow planetesimal belt (Matthews et al., 2014a). This is supported by many discs giving evidence
of narrow dust producing planetesimal rings (Strubbe and Chiang, 2006; Lestrade and Thilliez, 2015;
Lagrange et al., 2016). Another dynamical process is the sculpting by planets which causes asymmetries
in the disc emission, such as inclined warps, dense clumps or eccentric offsets (Matthews et al., 2014b).
The discs around β Pic and Fomalhaut are an example for that. For both, the presence of a planet
was predicted (Heap et al., 2000; Kalas et al., 2005; Quillen, 2006) based on their discs asymmetries,
while the real planets were found later (Lagrange et al., 2010; Kalas et al., 2008). Furthermore, the
proposed dominance of dynamical processes in shaping debris discs is consistent with Marshall et al.
(2014b), who find that correlations between stars, discs and planets could be ascribed to dynamical
effects rather than initial composition.
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Caveats
Due to the large scatter of the disc radii no correlation between the disc radius and the stellar luminosity
could be found in the sample. Nonetheless, a weak correlation found in earlier studies is possible (e.g.,
Eiroa et al., 2013). The scatter seems to be larger for more luminous stars, which may be explained
by the fact that for the sample of this work more luminous stars are more distant on average (see
Figure 5.3) and hence are less well resolved.
Besides the large scatter, the discs are approximated by a narrow ring with a single radius. This
assumption could be too rough for some discs, which have an extended dust distribution. Analysing
the disc width of a small sample of large and bright discs in scattered light images, Krist et al. (2012)
found the width to vary between 20% and 60% of the ring radius. Furthermore, detailed studies of
especially A-stars, such as Vega (Su et al., 2006) or HR 8799 (Matthews et al., 2014a), which were
observed in several wavelength bands, reveal the presence of huge halos. These halos are probably
composed of small dust grains in weakly bound orbits (Su et al., 2009; Sibthorpe et al., 2010; Lo¨hne
et al., 2012; Matthews et al., 2014a) and could lead to an incorrect measurement of the radius of the
dust-producing planetesimal belt.
5.3.3 Estimation of errors
The derivation of the debris disc radii is subject to several uncertainties. At first, many debris discs
are unresolved in the minor axis direction due to the relatively low spatial resolution of Herschel (at
100 ➭m the PSF is 6.7′′). In case of the 39 resolved discs chosen in this work, 12 objects have a FWHM
of the minor axis smaller than 1.2 PSF. Therefore, a disc which is closer to edge-on could be mistaken
as a face-on disc. In order to avoid this kind of problem we used the radius average between both cases
of inclination, since the probability of a discs inclination being between 0➦ and 90➦ is much higher than
being exactly 0➦ or 90➦, respectively. On average the difference between face- and edge-on radius lies
at 10%. Taking only the uncertainty of FWHM into account, the uncertainty of the derived radius is
found to be ∼ 1% on average. Another point is the SNR. It has only a little effect on the derivation
of the disc radius and for all the discs of the sample it lies above 9 for flux densities at the 100 ➭m
wavelength band. Hence, the uncertainty in the radius derivation due to SNR is < 1% (see Figure 5.2).
The largest influence on the disc radius has the spectral fractional luminosity at 100➭m, which can
be seen in Figure 5.2 as well. For most of the targets, it lies above 10, but for 5 objects this value
is smaller. If we compare the resulting disc radii of a model with and without the spectral fractional
luminosity the uncertainty is found to be ∼ 4% on average.Including the measurement error of the
FHWM at 100➭m of ∼ 4% (Kennedy et al., 2012a) and totalising the before mentioned uncertainties
of the stellar influence (∼ 4%) and the SNR (< 1%), the estimate of the radius accuracy is ∼ 8%.
In Figure 5.4 the derived disc radii show a deviation of ≈ 20% from the values given in the literature.
The question is whether this is consistent with an estimated radius accuracy of ∼ 8%. Therefore, we
assume an uncertainty of the reference disc radii of ∼ 5% based on values given by Booth et al.
(2013). This seems appropriate since only a minority of radii stemming from the literature is given
with uncertainties and the largest part of it was analysed by Booth et al. (2013) with 9 discs. Now,
we compute the largest possible difference of the estimated and the reference radius. Assuming the
reference radius is smaller compared to the derived one, than the reference radius is scaled down by
5% while the derived one is scaled up by 8%. The resulting new deviation of derived and reference
radius lies on average at ∼ 26%, which is consistent with Figure 5.4.
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6 Fitting results using the modified black-
body and size distribution method
In the last chapter we analysed the debris disc sample considering the resolved disc radii. This part did
not include any fitting of SEDs. On this we will catch up in this chapter. The beginning is made by the
occurrence of one- and two-component systems. Then, we investigate possible correlations between the
stellar luminosity and the disc temperature, the dominant grain size and the size distribution index or
the opacity index, respectively. The best fit parameter values for the sample are given in the Tables 6.3
and 6.4 (SD method assuming pure astrosilicate).
Statistical values
In the further analyis of correlations between different debris disc parameters the number of resolved
discs can variate. For example, the blowout grain size does not exist for all 39 targets chosen and
so only 32 objects are taken into account in case of astrosilicate. Since we will use the correlation
coefficients as a criterion for significant correlations Table 6.1 gives the critical values for different
sample sizes.
Table 6.1: Critical values for statistical significance with a significance level of 0.01
Sample size tcritical rcritical
39 2.7154 0.408
37 2.7238 0.418
32 2.7500 0.449
31 2.7564 0.456
25 2.7969 0.504
6.1 Systems with one or two components
The Solar systems debris disc possesses not only the Edgeworth-Kuiper belt, but also the warmer
Asteroid belt. Therefore, it is possible that discs around other stars are composed of two components
as well. This work is concentrating on the outer Edgeworth-Kuiper belt like component though it
is necessary to identify possible second asteroid belt like components in order to fit the disc SEDs
properly. Using the criteria given in Chapter 3, Table 6.2 shows the results of this analysis. Pure
astrosilicate is used as SD dust composition. A sublimation temperature of 1300 K is assumed as
third criterion for both, the MBB dust material and the astrosilicate for reasons of comparability (e.g.,
Lamy, 1974; Defre`re et al., 2011; Kobayashi et al., 2011).
In the sample of 39 resolved debris discs 23 discs reveal a second, warm dust component using the
MBB method, whereas 21 discs do that using the SD method. These are roughly 59% or 54% of the
sample respectively, which is in agreement with similar studies done before (e.g., Ballering et al., 2013;
Chen et al., 2014). Figure 6.1 shows that a warm component can be present around low-luminosity
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Table 6.2: Identification of the warm component
HD Rsub
MBB SD
Excess χ2one
χ2
two
Rwarm Warm
Excess χ2one
χ2
two
Rwarm WarmIRS22 WISE22 MIPS24 IRS31 comp.? IRS22 WISE22 MIPS24 IRS31 comp.?
[AU] [σ] [σ] [σ] [σ] [AU] [σ] [σ] [σ] [σ] [AU]
GJ 581 0.01 -0.1 0.4 . . . 0.4 . . . . . . N -0.1 0.4 . . . 0.3 . . . . . . N
197481 0.01 . . . 1.0 5.0 . . . 6.9 1 Y . . . 0.7 1.4 . . . . . . . . . N
128311 0.02 0.9 1.0 0.1 1.2 . . . . . . N 0.8 1.0 0.1 0.8 . . . . . . N
192263 0.03 -0.5 -0.7 -0.5 0.1 . . . . . . N -0.8 -1.2 -1.1 -1.6 . . . . . . N
92945 0.03 0.8 2.3 0.1 0.8 . . . . . . N 0.8 2.8 0.0 0.3 . . . . . . N
23484 0.03 0.4 1.8 1.2 3.1 3.0 6 Y 0.4 1.8 1.2 0.8 . . . . . . N
131511 0.03 . . . 4.1 2.3 . . . 2.7 < 0.01 N . . . 4.6 1.6 . . . 1.5 < 0.01 N
166 0.04 4.4 5.3 3.2 0.1 10.2 0.2 Y 5.2 6.1 3.4 -0.1 12.9 0.2 Y
104860 0.05 0.9 1.5 1.0 0.4 . . . . . . N 0.9 1.5 1.0 0.5 . . . . . . N
207129 0.05 2.4 2.2 -1.7 1.7 . . . . . . N 2.5 2.3 -1.4 3.6 1.3 14 N
10647 0.06 . . . 8.9 5.7 1.9 3.1 5 Y . . . -0.2 6.3 1.7 4.0 5 Y
48682 0.06 2.6 3.9 -1.1 3.6 1.1 9 N 2.3 3.7 -1.7 0.1 1.1 6 N
50571 0.08 0.04 1.3 -0.4 -0.9 . . . . . . N 0.0 1.4 -0.3 0.4 . . . . . . N
170773 0.08 1.3 2.6 1.7 2.1 . . . . . . N 1.3 2.6 1.7 2.4 . . . . . . N
218396 0.10 12.7 12.0 19.6 10.9 14.5 2 Y 12.8 12.1 19.9 13.8 17.4 3 Y
109085 0.10 7.6 . . . 13.4 . . . 37.4 3 Y 7.3 . . . 12.5 . . . 40.2 3 Y
27290 0.11 2.6 3.9 7.1 0.2 3.4 < 0.1 N 2.4 3.7 6.2 -0.4 < 0.1 N
95086 0.12 . . . 8.2 7.6 0.3 14.3 7 Y . . . 8.9 9.3 0.5 12.5 7 Y
195627 0.12 6.6 6.6 1.3 6.2 9.0 1 Y 6.5 6.5 1.2 5.1 7.8 1 Y
20320 0.15 3.9 . . . 4.6 7.7 36.8 3 Y 3.9 . . . 4.6 7.8 45.9 7 Y
21997 0.15 . . . 7.2 12.3 5.0 34.8 24 Y . . . 6.7 10.7 2.4 20.7 24 Y
110411 0.16 5.8 . . . 6.4 -0.7 4.7 6 Y 6.2 . . . 7.5 -0.5 5.5 6 Y
142091 0.16 . . . -1.9 0.7 . . . . . . . . . N . . . -4.6 -5.2 . . . . . . . . . N
102647 0.17 8.3 . . . 10.6 . . . 48.3 1 Y 9.6 . . . 12.2 . . . 59.9 3 Y
125162 0.18 16.4 . . . 35.0 19.1 71.8 9 Y 13.6 . . . 23.6 6.7 32.4 9 Y
216956* 0.18 1.9 . . . 2.8 . . . . . . . . . N 1.7 . . . 2.5 . . . . . . . . . N
17848 0.18 1.6 8.7 7.6 3.7 9.9 19 Y 1.6 8.6 7.6 3.4 7.2 20 Y
9672 0.18 . . . 5.97 13.5 . . . 52.6 12 Y . . . 5.2 0.6 . . . 5.2 12 Y
71722 0.20 15.7 12.5 17.4 23.4 205 5 Y 15.9 12.8 17.9 25.6 178 5 Y
182681 0.23 . . . 26.7 . . . . . . 45.6 1 Y . . . 24.8 . . . . . . 145 1 Y
14055 0.23 17.1 . . . 15.3 26.1 41.7 26 Y 17.3 . . . 15.8 28.6 87.8 11 Y
161868 0.23 4.9 19.0 15.0 11.1 33.2 21 Y 4.3 17.3 12.5 4.7 19.9 26 Y
188228 0.24 1.7 . . . -8.1 0.4 . . . . . . N 1.04 . . . -22.1 0.0 . . . . . . N
10939 0.26 6.0 12.3 12.9 9.5 16.2 17 Y 6.2 12.6 13.6 11.4 22.3 17 Y
71155 0.27 7.5 . . . 15.0 -0.3 40.7 14 Y 8.4 . . . 17.4 -0.2 45.3 15 Y
172167* 0.33 . . . . . . 8.3 . . . 1.8 31 N . . . . . . 11.7 . . . 2.8 10 N
139006 0.35 2.6 . . . 5.6 8.1 11.4 16 Y 3.0 . . . 5.8 0.3 4.1 18 Y
95418 0.35 1.7 -2.1 1.9 0.1 . . . . . . N 2.5 -1.5 3.3 0.1 1.1 < 0.1 N
13161 0.39 7.9 . . . 8.7 8.1 15.6 32 Y 8.4 . . . 9.5 9.7 13.3 51 Y
Notes:
(1) The sublimation radius, Rsub, and the radius of the warm component, Rwarm, are given in AU. A
sublimation temperature of 1300 K is assumed. (2)The columns IRS22, WISE22, MIPS24 and IRS31
give the “excess” in units of σ. That means the observed flux density minus the flux density of the cold
component minus the flux density of the stellar photosphere. (3) If there is no significant MIR-excess,
the objects were fitted with only a one-component model. For these objects no χ2one/χ
2
two and Rwarm
are given. (*) With a more detailed analysis, including the full IRS spectra and other identification
criteria than these given here, the object shows a existence of a warm component (Lebreton et al.,
2013; Su et al., 2013b).
stars as well as around high-luminosity stars. For the MBB-method, 27% of all GKM-stars, 43% of all
F-stars and 81% of all BA-stars analysed in this sample reveal a second component. This is comparable
to the result given in Chen et al. (2014), where 45% of GKM-stars analysed, 69% of F-stars and 78% of
BA-stars do that. The results given by the SD-method show similar frequencies except for the GKM-
stars, where only 9% of the targets were found to reveal a second component with the criteria chosen.
The differences between MBB, SD and the results found by Chen et al. (2014) can be explained by the
different fit methods (Chen et al. (2014) used the BB method). Furthermore, the sample given by Chen
et al. (2014) contains more targets. In general, both (MBB and SD) lead to similar but not identical
results, which can be seen in Figure 6.2. Here, the SEDs of a typical one-component system (HD 50571)
and a typical two-component system (49 Cet) are shown, for which both methods give equal results.
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Figure 6.1: Frequency of a second component as a function of stellar spectral type. The sample used
in this work contains in total 11 GKM-stars, 7 F-stars and 21 BA-stars. Green bars show results given
by Chen et al. (2014), where 117 GKM-stars, 158 F-stars and 218 BA-stars were used.
However, with AU Mic another system is given, where a warm component may be present in case of
the MBB method or absent in case of the SD method. An explanation for this is that the shape of the
SED depends on the fitting method and shows different responses to the variation of fit parameters.
The SED of the MBB model represents a Planck curve for λ < λ0 while for the Rayleigh-Jeans part,
where λ > λ0, the decrease is steeper than for a normal blackbody. Therefore, a SED generated with
MBB is narrower than a SED generated with a pure blackbody model. Furthermore, both wavelength
parts are separated at λ0, where an “artifical knee” can be seen in the SED. On the other hand, the SD
model uses different sized particles and thus a temperature distribution and so allows smooth SEDs
with both narrower and broader shape than a Planck curve with only one temperature (see Figure 6.2
bottom panels).
6.2 Dust temperatures and disc radii
6.2.1 Dust temperature
Definition
The first question arising from the fit is how to define the temperature of the debris disc in order
to analyse possible temperature trends. Although small, the disc has a radial extension and should
be warmer at the minimum radius and colder at the outer radius respectively. Furthermore, a size
distribution of dust grains is assumed, which leads to different equilibrium temperatures in the stellar
radiation field (see Figures 2.6 and 2.7). Hence, in order to describe a disc an effective temperature is
necessary, which is in general not the same as the physical temperature of dust grains. The SONATA
code (SEDUCE code with fitting tool (Mu¨ller et al., 2010)) used for both fitting methods requires
the equality of the effective temperature derived from the SED and the dust grain temperature for
the MBB method. Therefore, it gives a self-consistent solution in the MBB-case. However, there
are several ways to define the disc temperature in case of the SD method. A possibility is using the
physical temperature of the dust grains which is averaged over the grain sizes and weighted by the
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Figure 6.2: SEDs of HD 50571 (top), 49 Cet (middle), and AU Mic (bottom). Left panel: MBB
method; right panel: SD method. Green filled circles with error bars show measured flux densities
with their uncertainties.
contribution of particles to the total cross section of the disc. Nevertheless, we decided to use another
definition in this work. We measure the wavelength of the discs maximum flux density, λmax, apply
Wien’s displacement law (Wien, 1896) and define the disc temperature as Td ≡ 5100 K( ➭m/λmax).
Resulting correlation
The dust temperature as function of stellar luminosity is depicted in Figure 6.3 and shows a significant
trend (rPearson = 0.70 and rSpearman = 0.70). For the MBB method it increases from about 30-
50 K for low-luminosity stars to 60-100 K for high-luminosity stars. Other Herschel -based studies,
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Table 6.3: Fitting results for the MBB method
HD
Cold Component Warm Component
χ2redRdisc sblow TBB λ0/(2π) β Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 0.88 ± 1.59 1.02 ± 0.33 33 ± 3 2.20 ± 0.19 6.62 . . . . . . . . . 1.08
197481 37 . . . 23 0.03 ± 0.25 0.30 ± 0.07 41 ± 2 1.81 ± 0.08 34.8 1 132 10.5 0.49
128311 58 . . . 27 12.67 ± 1.97 1.16 ± 0.14 31 ± 1 1.15 ± 0.04 2.79 . . . . . . . . . 1.70
192263 53 . . . 28 10.71 ± 1.77 2.14 ± 0.19 35 ± 2 1.23 ± 0.06 2.30 . . . . . . . . . 0.19
92945 72 . . . 25 5.44 ± 1.66 1.09 ± 0.15 35 ± 2 1.36 ± 0.06 58.3 . . . . . . . . . 2.72
23484 93 . . . 23 0.01 ± 0.98 0.24 ± 0.14 36 ± 1 1.59 ± 0.03 6.14 6 90 3.58 0.79
131511 74 . . . 27 0.01 ± 0.18 0.62 ± 0.13 100 ± 14 3.73 ± 0.54 2.40 . . . . . . . . . 7.50
166 40 . . . 39 5.20 ± 0.34 1.72 ± 0.09 53 ± 5 1.37 ± 0.13 4.61 0.2 512 21.3 1.15
104860 113 0.40 27 7.34 ± 1.37 0.88 ± 0.07 33 ± 1 1.24 ± 0.03 55.4 . . . . . . . . . 1.54
207129 144 0.44 24 0.44 ± 0.32 0.66 ± 0.07 44 ± 2 1.78 ± 0.07 8.89 . . . . . . . . . 3.87
10647 114 0.48 29 0.27 ± 0.36 0.48 ± 0.07 47 ± 1 1.63 ± 0.04 26.3 5 139 3.48 4.93
48682 129 0.54 28 0.02 ± 0.14 0.38 ± 0.07 52 ± 5 1.84 ± 0.18 6.56 . . . . . . . . . 7.71
50571 139 0.85 31 5.90 ± 1.77 0.96 ± 0.11 40 ± 2 1.27 ± 0.05 12.5 . . . . . . . . . 1.69
170773 203 0.92 26 4.77 ± 1.00 0.99 ± 0.08 36 ± 1 1.38 ± 0.04 52.3 . . . . . . . . . 2.73
218396 282 1.11 24 2.72 ± 0.53 0.92 ± 0.05 37 ± 3 1.52 ± 0.13 28.1 2 271 8.31 7.14
109085 142 1.24 35 21.65 ± 3.82 0.35 ± 0.06 35 ± 2 1.02 ± 0.05 1.48 3 256 14.2 1.78
27290 129 1.36 39 0.00 ± 0.11 0.30 ± 0.04 71 ± 6 1.84 ± 0.16 2.27 . . . . . . . . . 10.54
95086 272 1.44 27 0.03 ± 0.16 0.41 ± 0.07 51 ± 2 1.88 ± 0.09 134 7 166 16.3 0.83
195627 171 1.63 35 5.87 ± 0.57 0.97 ± 0.06 43 ± 4 1.24 ± 0.11 9.82 1 387 5.41 2.11
20320 149 2.11 41 5.20 ± 1.59 0.88 ± 0.10 49 ± 2 1.21 ± 0.05 1.40 3 270 1.76 0.54
21997 170 2.10 39 7.46 ± 0.90 0.96 ± 0.05 45 ± 1 1.16 ± 0.01 45.5 24 103 9.53 0.46
110411 118 1.69 47 6.30 ± 0.34 1.34 ± 0.09 57 ± 2 1.21 ± 0.04 4.58 6 208 3.05 4.93
142091 127 2.41 46 0.06 ± 0.49 0.28 ± 0.07 66 ± 4 1.42 ± 0.08 5.40 . . . . . . . . . 7.98
102647 44 2.42 80 4.62 ± 0.13 0.94 ± 0.04 89 ± 7 1.11 ± 0.09 2.39 1 465 4.89 16.78
125162 116 2.33 51 4.93 ± 0.39 0.80 ± 0.04 60 ± 1 1.17 ± 0.02 3.55 9 180 2.48 3.90
216956 127 2.76 49 5.51 ± 1.59 0.61 ± 0.12 55 ± 2 1.13 ± 0.03 7.36 . . . . . . . . . 3.17
17848 223 2.84 37 11.14 ± 1.18 1.05 ± 0.07 41 ± 1 1.10 ± 0.01 4.15 19 125 1.90 3.38
9672 170 2.78 42 5.09 ± 2.08 0.84 ± 0.07 52 ± 1 1.22 ± 0.02 72.1 12 157 18.2 0.38
71722 128 2.93 48 3.50 ± 0.72 0.74 ± 0.07 60 ± 2 1.26 ± 0.05 9.15 5 244 4.96 1.35
182681 195 3.98 44 1.03 ± 0.31 0.72 ± 0.07 68 ± 10 1.53 ± 0.22 26.0 1 545 7.87 6.18
14055 164 3.35 48 19.39 ± 0.68 1.18 ± 0.07 50 ± 1 1.02 ± 0.01 4.26 26 121 3.45 3.36
161868 143 4.30 52 12.92 ± 1.05 0.92 ± 0.06 55 ± 1 1.06 ± 0.01 5.86 21 137 3.51 2.71
188228 102 3.08 62 0.52 ± 0.88 0.30 ± 0.09 78 ± 2 1.26 ± 0.03 0.44 . . . . . . . . . 1.61
10939 199 4.83 46 7.48 ± 1.16 0.60 ± 0.05 51 ± 1 1.10 ± 0.02 7.34 17 161 1.83 4.14
71155 85 4.44 73 9.12 ± 0.24 2.42 ± 0.08 80 ± 1 1.09 ± 0.01 1.64 14 178 1.74 1.46
172167 108 7.84 61 23.24 ± 0.97 1.22 ± 0.05 73 ± 1 1.19 ± 0.01 1.45 . . . . . . . . . 6.04
139006 61 5.73 98 12.13 ± 0.53 1.87 ± 0.12 101 ± 1 1.03 ± 0.01 0.97 16 192 0.47 1.87
95418 62 7.50 97 10.89 ± 0.79 1.27 ± 0.17 100 ± 1 1.03 ± 0.01 0.95 . . . . . . . . . 5.41
13161 154 5.24 65 22.28 ± 0.67 1.39 ± 0.11 66 ± 1 1.00 ± 0.01 1.65 32 143 1.87 2.75
Notes:
(1) The disc radii are given in AU, the temperatures in K and λ0/(2π), sblow in ➭m, the fractional
luminosity in 10−5. (2) For the values of sblow the simplified equation of Burns et al. (1979) (see
Equation (2.16)) was used with a material density of ̺ = 3.3 g/cm3 and Qpr = 1. For stars with
a luminosity less than 1 L⊙ no blowout size is assumed. (3) The warm component is treated as
blackbody. Therefore, the given Rdisc and Td are blackbody radius or temperature, respectively.
especially Booth et al. (2013) and Thureau et al. (2014), found similar results for A-stars for which
the temperatures lie between 70 and 120 K or 40 and 290 K respectively. In contrast to that, Morales
et al. (2011) used Spitzer data and give a median value for their sample of G-stars of 59 K while their
sample of A-stars is given with 62 K. The trend found in this work is stronger compared to Morales
et al. (2011), but roughly consistent as well.
In case of the SD method, the temperature increases with increasing stellar luminosity from 20-60 K
to 50-120 K, but in contrast to the MBB method, the increase is not as steep, while in general the discs
are slightly warmer. Nevertheless, the correlation is significant (rPearson = 0.59 and rSpearman = 0.56).
6.2.2 Dust-to-blackbody-temperature ratio
Now, the disc temperature, Td, is compared to the temperature a disc made of pure blackbodies
would have (TBB). Figure 6.4 shows a clear decrease of the temperature ratio with increasing stellar
luminosity. The result of the MBB method shows a linear trend for the whole luminosity range
49
6. FITTING RESULTS USING THE MODIFIED BLACKBODY AND SIZE DISTRIBUTION
METHOD
Table 6.4: Fitting results for the SD method
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 1.60 ± 1.03 3.40 ± 0.21 25 ± 7 1.66 ± 0.48 8.46 . . . . . . . . . 0.78
197481 37 . . . 23 0.02 ± 0.26 3.34 ± 0.02 56 ± 9 2.47 ± 0.40 49.3 . . . . . . . . . 1.70
128311 58 . . . 27 2.27 ± 1.80 3.26 ± 0.17 35 ± 3 1.30 ± 0.10 3.19 . . . . . . . . . 1.56
192263 53 . . . 28 7.33 ± 1.32 5.39 ± 0.28 62 ± 7 2.17 ± 0.25 2.37 . . . . . . . . . 0.19
92945 72 . . . 14 5.57 ± 1.07 4.01 ± 0.19 49 ± 2 1.92 ± 0.06 57.4 . . . . . . . . . 2.78
23484 93 . . . 23 1.12 ± 0.82 3.37 ± 0.10 36 ± 3 1.59 ± 0.14 9.73 . . . . . . . . . 1.67
131511 74 . . . 27 0.10 ± 0.45 3.61 ± 0.11 92 ± 11 3.45 ± 0.41 1.19 . . . . . . . . . 12.13
166 40 0.32 39 3.32 ± 0.47 4.75 ± 0.32 91 ± 2 2.35 ± 0.06 4.68 0.2 512 20.9 1.12
104860 113 0.54 27 7.05 ± 0.34 3.88 ± 0.03 44 ± 1 1.63 ± 0.04 55.3 . . . . . . . . . 1.32
207129 144 0.56 24 4.95 ± 0.18 4.21 ± 0.03 56 ± 1 2.30 ± 0.01 8.33 . . . . . . . . . 5.63
10647 114 0.64 29 3.79 ± 0.22 3.85 ± 0.03 56 ± 1 1.95 ± 0.04 26.9 5 142 3.68 5.33
48682 129 0.72 28 2.05 ± 0.19 3.70 ± 0.03 62 ± 2 2.18 ± 0.06 7.23 . . . . . . . . . 3.00
50571 139 1.00 31 5.41 ± 0.70 4.00 ± 0.09 56 ± 2 1.79 ± 0.05 12.5 . . . . . . . . . 1.84
170773 203 1.05 26 4.97 ± 0.52 3.99 ± 0.05 53 ± 1 2.02 ± 0.05 52.8 . . . . . . . . . 3.33
218396 282 1.29 24 4.85 ± 0.25 3.98 ± 0.03 51 ± 1 2.09 ± 0.05 28.8 3 255 7.90 6.37
109085 142 1.34 35 10.90 ± 1.45 2.88 ± 0.09 36 ± 1 1.05 ± 0.03 1.40 3 235 13.1 1.53
27290 129 1.55 39 0.73 ± 0.20 3.36 ± 0.06 59 ± 5 1.53 ± 0.12 2.28 . . . . . . . . . 6.43
95086 272 1.65 27 2.73 ± 0.21 3.86 ± 0.04 62 ± 2 2.26 ± 0.05 137 7 170 17.3 1.23
195627 171 1.74 35 4.86 ± 0.20 4.00 ± 0.05 62 ± 1 1.77 ± 0.03 9.97 1 402 5.77 2.25
20320 149 2.18 41 7.07 ± 1.62 4.24 ± 0.27 62 ± 3 1.52 ± 0.08 10.6 7 187 1.37 0.44
21997 170 2.27 39 5.19 ± 0.56 3.97 ± 0.06 62 ± 2 1.59 ± 0.04 45.7 24 103 9.39 0.54
110411 118 2.34 47 4.10 ± 0.13 4.39 ± 0.06 87 ± 1 1.84 ± 0.02 4.50 6 217 3.19 4.90
142091 127 2.76 46 2.60 ± 0.29 3.63 ± 0.07 71 ± 3 1.55 ± 0.06 5.42 . . . . . . . . . 7.45
102647 44 2.57 80 4.13 ± 0.18 4.43 ± 0.11 110 ± 1 1.38 ± 0.02 2.11 3 300 2.65 18.38
125162 116 2.85 51 3.57 ± 0.20 3.85 ± 0.05 79 ± 2 1.54 ± 0.03 3.65 9 183 2.43 3.84
216956 127 2.89 49 4.07 ± 0.22 3.60 ± 0.04 65 ± 2 1.33 ± 0.03 7.29 . . . . . . . . . 2.80
17848 223 2.89 37 7.15 ± 0.74 4.10 ± 0.09 56 ± 2 1.52 ± 0.05 41.8 20 124 1.93 3.43
9672 170 2.92 42 3.83 ± 1.23 3.86 ± 0.11 71 ± 7 1.68 ± 0.17 75.4 12 161 17.0 0.97
71722 128 3.23 48 3.63 ± 0.19 3.92 ± 0.08 79 ± 2 1.64 ± 0.04 8.98 5 232 5.11 1.72
182681 195 3.94 44 2.24 ± 0.14 3.91 ± 0.06 87 ± 2 1.95 ± 0.05 25.8 1 525 7.47 1.72
14055 164 3.97 48 4.16 ± 0.20 3.64 ± 0.04 68 ± 2 1.41 ± 0.03 6.50 11 187 2.61 1.77
161868 143 4.07 52 6.87 ± 0.87 3.88 ± 0.09 68 ± 2 1.30 ± 0.05 5.23 26 122 4.03 2.87
188228 102 4.11 62 2.21 ± 0.26 3.44 ± 0.09 83 ± 3 1.33 ± 0.05 0.42 . . . . . . . . . 1.68
10939 199 4.64 46 4.97 ± 0.32 3.62 ± 0.04 62 ± 1 1.33 ± 0.03 7.35 17 159 1.84 3.34
71155 85 5.08 73 5.65 ± 0.15 6.61 ± 0.19 105 ± 3 1.43 ± 0.03 1.52 15 174 1.91 1.73
172167 108 6.58 61 13.10 ± 0.87 3.86 ± 0.06 59 ± 1 0.96 ± 0.01 1.19 . . . . . . . . . 9.12
139006 61 5.97 98 6.99 ± 0.23 5.47 ± 0.07 95 ± 2 0.98 ± 0.02 0.81 18 179 0.72 2.24
95418 62 7.73 97 5.21 ± 0.28 4.41 ± 0.13 110 ± 3 1.13 ± 0.03 1.02 . . . . . . . . . 5.34
13161 154 5.53 65 15.90 ± 0.53 5.23 ± 0.22 53 ± 1 0.82 ± 0.01 0.91 51 114 2.45 3.80
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 3.3 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
(rPearson = −0.63 and rSpearman = −0.66), while the SD result reaveals that the trend is flattening for
low-luminosity stars (rPearson = −0.59 and rSpearman = −0.66). This is reported in the literature as
well (Booth et al., 2013). The temperature ratios for stars with a stellar luminosity smaller than the
Sun’s are smaller than expected by the log-log trend chosen, whereas it is a good approximation in the
MBB case. A possible reason are the absorption properties of the small astrosilicate grains depicted
in Figure 2.3. Here, the absorption efficiency drastically decreases in the visible wavelength range.
Hence, the smallest particles become colder (Krivov et al., 2008) than grains slightly larger and in case
of low-luminosity stars, such as GJ 581 or HD 128311, this leads to smaller temperature ratios.
6.2.3 Dust-to-blackbody-radius ratio
In Chapter 5, we discussed a possible correlation between the resolved disc radius and the stellar
luminosity. Therefore, the disc radius should now be compared to the blackbody radius of a debris
disc, analogue to the temperature considerations before. Here, the blackbody radius is the radius
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Figure 6.3: Dust temperature as a function of stellar luminosity. Left: MBB method; right: SD
method. Open and filled symbols represent one- and two-component disc systems. Circles stand for
well-resolved discs, squares for marginally resolved ones. Blue asterisks are objects, where no (sub-)
millimetre detections exist. The line shows the best linear log-log-fit to the data points.
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Figure 6.4: Dust to blackbody temperature ratio as a function of stellar luminosity. Left: MBB
method; right: SD method. Open and filled symbols represent one- and two-component disc systems.
Circles stand for well-resolved discs, squares for marginally resolved ones. Blue asterisks are objects,
where no (sub-) millimetre detections exist. The line shows the best linear log-log-fit to the data
points.
which a disc at a certain temperature made of pure blackbodies would have.
At the “true” disc radius, Rdisc, the dust has an effective temperature, Td. If we assume that the
dust can emit like a blackbody, a blackbody temperature, TBB(Rdisc), exists as well. Using Equa-
tion (2.29) it is obvious that Rdisc ∝ T
−2
BB(Rdisc). On the other hand, the dust has a certain effective
temperature at a certain disc radius. Assuming blackbody grains again, there is of course a blackbody
radius, RBB(Td), for which Equation (2.29) is also valid and leads to RBB(Td) ∝ T
−2
d . Therefore, by
analysing the trend of Td/TBB, we can analyse the radius ratio as well since
Rdisc
RBB(Td)
=
T−2BB(Rdisc)
T−2d
=
(
Td
TBB
)2
≡ Γ. (6.1)
The result is that the dust-to-blackbody-radius ratio decreases with increasing stellar luminosity, like
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the temperature ratio does. A similar study was done at first for A-stars by Booth et al. (2013) who
found Γ decreasing from about 2.5 to 1.0 in a luminosity range between 10 and 100 L⊙. This was
followed by a study from Morales et al. (2013) who used a larger sample over a broader luminosity
range and included the targets from Booth et al. (2013). They found Γ decreasing from about 9 at
L ≈ 0.01 L⊙ to 4 at L ≈ 1 L⊙ and 1 at L ≈ 100 L⊙.
Knowing the correlation between Γ and the stellar luminosity, a possibility of estimating the “true”
disc radius of an unresolved debris disc opens up. The detailed description of this method can be found
in Chapter 8.
6.2.4 Fractional luminosities and disc radii
The correlation between fractional luminosity and disc radius was investigated and there seemed be to
a trend between both parameters. In order to explain this, the role of fractional luminosity as lower
limiting case for observations and as upper limiting case for collisional evolution is taken into account
(see Chapter 2). In Figure 6.5 the upper grey areas show the maximum fractional luminosity for three
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Figure 6.5: Fractional luminosity as a function of disc radius. Left: MBB-method; right: SD-method.
Black circles show well resolved objects with an FWHM > 1.4PSF; red squares show objects with an
FWHM < 1.4PSF and blue triangles show objects where the radii were derived from 70➭m images.
The straight dotted line is the best log-log fit through the data points and the grey areas give the areas
for the maximum and minimum fractional luminosity possible for a star of 1 L⊙ (dark grey), 3 L⊙
(middle grey) and 15 L⊙ (light grey). Further explanation see in the text.
stars of 1 L⊙, 3 L⊙ and 15 L⊙ calculated by Equation (2.41). All three stars are assumed to have an age
of 30 Myr. The grey areas show a clear increase with the disc radius and thus, a correlation of fractional
luminosity and disc radius could be justified with the model of maximum fractional luminosity. The
lower areas give the minimum fractional luminosity necessary in order to detect the debris disc. The
same stellar luminosities were used and a minimum flux density of Fν = 5.5 mJy
1 was assumed for
PACS at 100➭m. Here, an increase of the fractional luminosity with increasing disc radius could be
justified as well. And indeed, the targets lie in the area between maximum and minimum fractional
luminosity. However, the correlation coefficients do not confirm the correlation (MBB: rPearson = 0.34
and rSpearman = −0.37; SD: rPearson = 0.31 and rSpearman = 0.34) due to the strong scatter of the stellar
luminosity of the targets.
Wyatt et al. (2007a) applied their model to a sample of Sun-like stars and found the fractional
luminosities measured for these systems to be much higher than the expected maximum fractional
1PACS Observer’s Manual, Version 2.5.1; http://herschel.esac.esa.int/Docs/PACS/html/pacs om.html
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luminosities. An explanation was the transience of dust produced in stochastical processes, e.g., the
collision of two massive protoplanets (Song et al., 2005) the sublimation of a supercomet (Beichman
et al., 2005) or the sublimation of a swarm of comets (Gomes et al., 2005). In our sample of resolved
discs no evidence for such processes could be found since all fractional luminosities lie below the
expected maximum fractional luminosities.
6.3 Grain sizes
After analysing the disc temperatures and radii we now come to the grain sizes. We will start with an
investigation of the blowout grain size, which is followed by the minimum grain size or characteristic
grain size respectively.
6.3.1 Blowout grain size
As defined in Chapter 2, the blowout grain size of a certain dust material is reached, when β of
Equation (2.16) is equal to a value of 0.5. The parameter β depends on the stellar luminosity, the
stellar mass, the bulk density of the dust material and the radiation pressure efficiency. For low-
luminosity stars, β never reaches this value and thus no particles are expelled from the circumstellar
system due to radiation pressure. In Figure 6.6 the β-parameter is shown as a function of grain size.
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Figure 6.6: β-parameter as a function of grain size. The red dotted line represents GJ 581, the orange
small dotted line HD 166, the green dash-dotted line HD 104860 and the blue small dash-dotted line
HD 9672. The solid black line lies at a value of 0.5. Pure astrosilicate was used, except for HD 166,
where a mixture of astrosilicate and ice was applied.
For all objects represented here, β reaches a maximum value at a certain grain size and becomes
constant towards smaller grain sizes. Towards larger sizes it continues to decrease. For GJ 581, the
object with the lowest luminosity in the sample, β lies always below 0.5 and thus no blowout grain
size exists. In case of HD 104860, which has a luminosity comparable to the Sun, β increases and
exceeds the value of 0.5. Then it decreases below 0.5 again. Therefore, two blowout grain sizes exist.
The target HD 166 has a smaller luminosity than HD 104860 and here, β reaches 0.5 once at its
maximum point. Theoretically, two blowout grain sizes exist here as well, but both lie at the same
value. HD 9672 (49 Cet) is a high-luminosity target. The constant value of β at small grain sizes
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lies above 0.5. Towards larger sizes, it decreases and falls below 0.5 for the first time. As a result,
there is only one blowout grain size for this object. In general we can say that objects with lowest
luminosities do not owe a blowout grain size, while targets with moderate stellar luminosity possess
two of them. In contrast, the high-luminosity objects only have one blowout size. In Figure 6.7 the
resulting blowout sizes are given for the sample of 39 resolved debris discs. Some apparent outliers
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Figure 6.7: Blowout grain size, multiplied with (M/M⊙)/(L/L⊙) as a function of stellar luminosity.
Different colours correspond to different dust compositions, as indicated in the legend. Symbols with
connecting solid lines: results for size- dependent Qpr obtained with Mie-theory and for actual stellar
masses from Table 4.2; horizontal dashed lines results for Qpr = 1 and assuming the main-sequence
mass-luminosity relation. The vertical offset between the symbols and lines that represent different
compositions is caused by their different bulk densities (see Table 2.1). For stars with L⊙ . L . 10L⊙,
except for pure carbon, the second blowout limit appears in the bottom part of the plot. Grains in
blowout orbits are those between the upper and lower branches. For the low-luminosity stars in the
sample (HD 92945, HD 128311, HD 131511 and HD 192263 with L < 0.49L⊙) the upper blowout limit
only exists for carbon and the mixture carbon and astrosilicate, while the lower blowout limit does only
exist for astrosilicate and carbon. The strongest outliers amongst the symbols are stars with masses
departing from the main-sequence mass-luminosity relation. These are the A1-subgiant β UMa with
L/L⊙ = 58.2 and the close binaries α CrB (L/L⊙ = 57.7) and the A1III-star β Tri (L/L⊙ = 73.8).
reflect the fact that sblow for any individual star depends on Qabs and Qsca averaged over the stellar
photospheric spectrum of that particular star. For example, κ CrB with L/L⊙ = 12.5 is a K1-subgiant
with a temperature twice lower than that of its neighbouring stars in the figure. This results in the
larger averaged values of Qabs, Qsca, and sblow compared to its neighbours. For still other stars and
particular grain compositions, the stellar spectrum peaks at the maxima of the resonant oscillations of
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the Mie-calculated Qabs and Qsca, which also makes sblow different from that of the adjacent stars. This
is particularly the case for β Leo with L/L⊙ = 13.2, if the astrosilicate-ice and astrosilicate-carbon
mixtures are assumed (Pawellek and Krivov, 2015).
6.3.2 Minimum grain size
The next dust parameter investigated was the minimum grain size or characteristic grain size respect-
ively. Our expectation was that it would increase with increasing stellar luminosity, like the blowout
grain size (see Equation (2.16)) does. As shown in Figure 6.8 the results of the MBB method lead to
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Figure 6.8: Minimum grain size as a function of stellar luminosity. Left: MBB method; right: SD
method. Symbols are the same as in Figure 6.3. The green line shows a constant fit to the symbols of
the SD method.
such an increase (rPearson = 0.46 and rSpearman = 0.47), whereas the SD method with pure astrosilic-
ate gives a much weaker trend (rPearson = 0.54 and rSpearman = 0.36), which is also consistent with a
constant grain size of roughly 5➭m.
Considering the MBB result there are many objects for which the characteristic grain size is smaller
than 1 ➭m and thus smaller than the shortest wavelength of 10 ➭m used for fitting. It is thinkable that
for such objects the λ0 cannot exactly be determined, since it lies not in the wavelength range of the
SED, but nevertheless it is possible. Here, for all wavelengths included in the fitting process, a decrease
of the absorption efficiency is assumed due to Qabs = (λ/λ0)
−βmod , while λ0 gives the starting point
and βmod the steepness of the decrease. Thus, the absorption efficiency is clearly defined for all λ0,
but since the cutoff wavelength lies not in the wavelength range of the disc’s SED no artificial “knee”
can be seen in it.
We assume the relation λ0 = 2πsmin given in Backman and Paresce (1993) for the grain sizes
derived from the MBB method. To check whether this is a good estimate we compared the dom-
inant grain sizes of both methods with each other (see Figure 6.9). If the characteristic grain size
is 0.01 ➭m < λ0/(2π) < 0.1 ➭m the minimum grain size, smin differs more than one magnitude from
the MBB result for most of the targets. This deviation decreases for larger smin. This means if the
characteristic MBB grain size is smaller than 1 ➭m the correlation between λ0 and smin is less reliable.
6.3.3 Minimum-to-blowout grain size ratio
The blowout grain size increases with increasing stellar luminosity (see Equation (2.16)) and it was
expected that the dominant dust grain size behaves in a similar way. However, we found that at least
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Figure 6.9: Characteristic grain size of the MBB method as a function minimum grain size of the SD
method with pure astrosilicate. The solid black line shows where λ0/2π = smin.
for the SD method with pure astosilicate the grain size shows a trend which is not as steep as it should
be. In Figure 6.10 the ratio of the minimum grain size and the blowout grain size is given as a function
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Figure 6.10: Characteristic grain size of the MBB method (left) and minimum grain size of SD method
(right) in units of the blowout grain size as a function of stellar luminosity. Symbols are the same as
in Figure 6.3.
of stellar luminosity. Since the blowout grain size does not exist for the low-luminosity targets, the
sample contains now 32 objects. There is a clear decrease towards higher luminosities from ∼ 10 for
solar-type stars to unity for A- and B-type stars in the SD method. Since the MBB method shows a
stronger correlation between characteristic grain size and stellar luminosity the trend of the grain size
ratio is statistically insignificant (rPearson = −0.04 and rSpearman = −0.13), while for the SD method it
is the strongest correlation found in this work (rPearson = −0.81 and rSpearman = −0.77). As explained
before, there are some objects for which the characteristic grain size of the MBB method is very small
and hence a bad estimate for the minimum grain size. If the objects with such small characteristic
particle sizes are excluded 25 targets with luminosities between 0.6 L⊙ and 74 L⊙ remain in the sample
and the correlation turns out to be significant now (rPearson = −0.83 and rSpearman = −0.54). There is
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a trend from ∼ 10 for solar-type stars to unity for A- and B-type stars as well, however the correlation
is not as strong as for the SD method.
Although this trend was first reported in Pawellek et al. (2014) previous studies confirm the de-
viation of the minimum grain size from the blowout grain size for individual debris disc systems (Su
et al., 2009; Krist et al., 2010; Golimowski et al., 2011; Kirchschlager and Wolf, 2013; Morales et al.,
2013) and even the decrease with increasing stellar luminosity can be found combining the results of the
individual systems. Nevertheless, this trend was not expected by theory. Therefore, we investigated
several possibilities in order to explain it. These are described in Chapter 7.
6.4 Opacity index and grain size distribution index
We now come to the size distribution index or the opacity index, respectively. In Figure 6.11 these
parameters are presented as a function of stellar luminosity. The opacity index varies between 0 and 2.5,
while for the most discs it lies between zero and unity. Previous studies (e.g., Williams and Andrews,
2006; Nilsson et al., 2010) show similar results. There seems to be a trend of βmod increasing with
the stellar luminosity, However, this is not confirmed by the correlation coefficients (rPearson = 0.21
and rSpearman = 0.26). As well there seems to be a slight increase of the size distribution index with
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Figure 6.11: Opacity index (left) and size distribution index (right) as a function of stellar luminosity.
The symbols are the same as in Figure (6.3).
the stellar luminosity, but here the correlation coefficients do not confirm this as well (rPearson = 0.32
and rSpearman = 0.28). The q-parameter varies between 2.8 and 6.5, although for most targets it lies
between 3 and 4. A value of 3.5 is predicted by theory (Dohnanyi, 1969) and other studies show
similar results for individual objects (e.g., Augereau and Beust, 2006; Donaldson et al., 2013; Lebreton
et al., 2013). Compared to Pawellek et al. (2014) the largest values of 6.5 are even larger than the 5.5
reported there. The reason is an improvement in the fitting algorithm which led to smaller χ2. Such
large q-values were reported in the literature before (e.g., Ertel et al., 2012; Riviere-Marichalar et al.,
2014). Ertel et al. (2012) even found values of 9 for HD 199260 or 10 for HD 206860, respectively. They
stated that these debris discs show evidence for a deviation from the standard equilibrium collisional
cascade, however, the results depend very much on the photometric data reduction pipeline used.
In order to investigate a possible correlation between the dominant grain size and the size distri-
bution or opacity index respectively, we analysed the fit parameter space and generated χ2-maps for
different objects.
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6.5 χ2-maps
In this section the spatial distribution of χ2 in the parameter space is analysed. Figure 6.12 gives
typical χ2-maps for stars with different stellar luminosities, which were generated for both, the MBB
and SD method. The lines of equal χ2 are elongated from the bottom left to the top right, which
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Figure 6.12: χ2-maps for HD 50571 (left), HD 142091 (middle) and HD 216956 (right) in the MBB
(top) and SD (bottom) method. The lines show the n × χ2red isolines for n = 1 (small circle), n = 2
(yellow line), n = 3 (red line), n = 4 (blue line) and n = 5 (black line), where χ2red is the best-fit value.
can be explained as follows. If the grain size (λ0 or smin) is larger than the best-fit value, the fitting
routine is forced to take a steeper size distribution given by a larger size distribution index (βmod or
q). As well the shape of the isolines can be understood, while we will concentrate on the SD method
here. We assume that the emission of different sized grains is proportional to their cross section as a
rough estimate and define an “effective” grain size, s0. This grain size is the one for which we replace
the size distributed grains with the same number of equal-sized grains of radius s0. Furthermore, we
require that the equal-sized grains have the same cross-section as the size distributed ones. This can
be described by
∞∫
smin
s2−qds = s20
∞∫
smin
s−qds. (6.2)
Additionally, we assume that q > 3 which leads to
s0 ≈ smin
√
q − 1
q − 3
. (6.3)
Taking q = 3.5 for instance the “effective” grain size would be ≈ 2.2smin. An expectation now is that
different pairs of (smin, q) with the same s0 lead to the same SEDs that reproduce the observed one
equally well and thus the isolines should roughly follow the equation
smin
√
q − 1
q − 3
= const. (6.4)
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Indeed, this can be seen in Figure 6.12. Here, q rises more steeply for larger smin and the isoline takes
a kind of banana shape. Another fact is that the isolines are tilted to the x-axis, whereas this tilt is
becoming smaller for stars with a higher stellar luminosity (see panels from left to right). The reason
is that the effective grain size is slightly larger around more luminous stars and hence the derivative
dq/dsmin is smaller at the same smin.
6.6 The role of the stellar photosphere
We investigated the stability of the fit results by changing the contribution of the stellar photosphere.
Uncertainties of the stellar temperature of ±100 K and the stellar luminosity of ±20% were assumed
and new photospheres calculated using the same models as described in Section 4.2. The changes
of each photosphere compared to the original photosphere used for fitting are shown in Figure 6.13.
Obviously, the strongest deviations can be found between 0.1 and 0.5 microns, whereas in the longer
wavelength range the differences lie below 5%.
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Figure 6.13: Flux density of the stellar photosphere of HD 9672 for different stellar luminosities and
temperatures divided by the photosphere used for fitting (L/L⊙ = 16 and T = 9000 K) as a function
of wavelength.
We chose four different targets, where two stars (a low and a high luminosity one) possess a one-
component system while the two others (as well a low and a high luminosity one) are composed of
two rings. Then we fit the SEDs of all targets with the four new photospheres. The results are listed
in Table 6.5. The cold component fit results derived from the new photospheres show only small
deviations from the original parameter values and lie in general within the uncertainties of the original
fit (see Table 6.4). Considering the high fractional luminosity targets, HD 9672 (49 Cet) and HD 10647
(q1 Eri) the standard deviations of grain sizes, dust temperatures and fractional luminosities are of
the order of 1-3% while with 3-13% it is larger for the low-fractional luminosity objects, HD 48682
and HD 95418 (β UMa). The cold component has the largest influence in the far-infrared, and
here, the stellar photosphere emission is several orders of magnitude smaller than the dust emission.
Furthermore, the deviations of each new photosphere lies below 5% in this wavelength range. Thus,
we can say that large uncertainties of the stellar parameters have not much influence on the cold
component parameters.
On the other hand, the warm component radius is affected more strongly looking at a standard
deviation of 8-20%. In the mid-infrared, the contribution of the stellar photosphere to the excess
emission is comparable to the dust emission and so it has more influence on the warm component
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Table 6.5: Fit results for different stellar photospheres.
HD T [K] L/L⊙ smin [ ➭m] Td [K] Rdisc [AU] fd
9672 8900 16.0 3.90 69 12 9.41× 10−4
9000 19.2 3.90 69 14 9.30× 10−4
9000 16.0 3.83 71 12 9.25× 10−4
9000 12.8 3.90 69 12 9.27× 10−4
9100 16.0 3.90 69 12 9.18× 10−4
10647 6055 1.5 3.86 57 5 3.16× 10−4
6155 1.8 3.86 57 4 3.19× 10−4
6155 1.5 3.79 56 5 3.06× 10−4
6155 1.2 3.80 57 3 3.21× 10−4
6255 1.5 3.68 57 2 3.30× 10−4
48682 5985 1.8 2.69 63 . . . 6.64× 10−5
6086 2.2 2.41 63 . . . 6.75× 10−5
6086 1.8 2.05 62 . . . 7.23× 10−5
6086 1.5 2.36 63 . . . 6.79× 10−5
6186 1.8 2.04 63 . . . 6.95× 10−5
95418 9030 58.2 5.44 102 . . . 9.94× 10−6
9130 69.8 5.24 112 . . . 1.01× 10−5
9130 58.2 5.21 110 . . . 1.02× 10−5
9130 46.6 5.15 112 . . . 1.03× 10−5
9230 58.2 4.98 112 . . . 1.03× 10−5
fit results. Nevertheless, the variation of the different stellar photospheres lies below 5% as well.
Therefore, the uncertainties of stellar parameters only play a minor role in the SED fitting of debris
discs.
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7 Analysis of the grain size – stellar lumin-
osity trend
We found a correlation between the dominant grain size in units of the blowout grain size and the
stellar luminosity, which is even the strongest trend found in this work (considering the SD method
with pure astrosilicate). In order to explain this unexpected result we tried several possibilities starting
with a mere fitting effect due to the dust composition used, which is followed by a test for statistical
variations of the trend. After checking the possible technical reasons for the correlation found, two
physical reasons are tested as well, namely the role of the surface energy constraint and the role of
stirring.
7.1 Dust compositions
At first, we analysed the variation of the grain size – stellar luminosity trend by using different dust
compositions in order to check the robustness of the resulting trend (see Section 2.1.3). Besides pure
astronomical silicate (Draine, 2003a) and pure amorphous carbon (ACAR, Zubko et al. (1996)) we
used a 1:1 mixture of astrosilicate and ice (Li and Greenberg, 1998), a 1:1 mixture of astrosilicate
and amorphous carbon and a 1:1 mixture of astrosilicate and vacuum, which should mimic porous
dust particles. The 1:1 ratios give the volume fraction of each dust component. The sublimation
temperatures were assumed to be 1900 K for pure carbon and 130 K for pure ice particles (Kobayashi
et al., 2011). However, since the warm component is not well constrained it was assumed as blackbody
and we used the original 1300 K of astrosilicate as sublimation temperature for it. Considering the
astrosilicate and ice mixture (Table B.1), most of the inner rings should not contain ice particles, since
their temperature exceeds the sublimation temperature of ice. This is similar to the Solar system,
where the Asteroid belt is located between Mars and Jupiter. Assuming its distance to the Sun of
∼ 4 AU and using Equation (8.2) the temperature lies at ∼ 140 K and exceeds the ice sublimation
temperature as well. If a smaller distance to the Sun is assumed the temperature even increases.
Figure 7.1 shows the resulting temperature and size parameter trends already mentioned in Chapter 6.
The steepness of the trends variates with different compositions, but persists in general. This means
that for all compositions used the dust gets warmer, the disc radius goes down to the blackbody value,
the typical grain size increases not as fast as expected and therefore, the typical grain size in blowout
units decreases with increasing stellar luminosity.
Analysing the differences between the dust compositions we recognised the following. For porous
particles the smin/sblow dependence on the stellar luminosity is flatter than for compact particles. This
is explainable by looking at Figure 2.6. Considering particles with sizes s < 3 ➭m the temperature of
porous grains is the lowest compared to all compositions used and conversely, for porous particles larger
than 3➭m the temperature is higher than for other mixtures. Therefore, for discs around early-type
stars the temperature of a porous astrosilicate grain of size smin is higher than that of a compact
astrosilicate particle of the same size. Thus, the SED of such a disc can only be reproduced, if the
porous grains are larger than the compact ones. Conversely, for discs around late-type stars a porous
grain with size smin is colder than a compact one and therefore, the porous particles must be smaller
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Figure 7.1: Various dust and disc parameters as function of the stellar luminosity for different dust
compositions: (a) dust temperature, (b) disc’s true radius to its blackbody radius, Γ, (c) minimum
grain size smin, (d) grain size ratio, smin/sblow, (e) size distribution index, q. Different colours denote
different dust compositions: astrosilicate+vacuum (black dash-dotted line), astrosilicate+ice (blue
dashed line), astrosilicate (red solid line), astrosilicate+carbon (orange dotted line) and carbon (green
small-dotted line). Symbols with error bars are fit results for individual discs in the sample. A straight
line of a certain colour is a best-fit trend line through the symbols of the same colour.
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than the compact ones (Kirchschlager and Wolf, 2013). This results in a steeper trend of the minimum
grain size of porous particles with the stellar luminosity, and thus a gentler decrease of the smin/sblow
ratio, compared to the other dust compositions.
The role of porosity
As a result from the analysis of different dust compositions we found that for a mixture of 50%
astrosilicate and 50% vacuum (that means 50% porosity) the decrease of the smin/sblow trend with
stellar luminosity could be slightly flattened. The idea now was to increase the degree of porosity in
order to erase the grain size ratio trend completely. We assumed 10% astrosilicate and 90% vacuum as
a dust composition, which represents an extreme case of porosity, and fit the sample of resolved debris
discs again. It turned out that for most of the discs the quality of the SED fits, measured by χ2, gets
poorer with the increasing degree of porosity. For example, the disc of HD 50571 yields the reduced
χ2 = 1.84 for a porosity of zero (for pure astrosilicate). If the degree of porosity is increased to 50% ,
χ2 increases as well to 1.86 and with 90% to 3.06. Another point is that the statistical scatter of the fit
results increases as well and therefore the correlation between smin/sblow and the stellar luminosity gets
weaker with increasing porosity. Furthermore, the usage of this dust composition seems questionable,
since the values of the fit parameters turn out to differ a lot from the typical values of the other
compositions. An example is the size distribution index, which lies in general between 3 and 4 (in
extreme cases between 4 and 7). For 90% porosity it changes to values around -2 for some targets, and
this means that the size distribution contains more large particles than small ones. Considering the
theory of collisional evolution of debris disc systems this index value is not compatible with it (e.g.,
Dohnanyi, 1969; Williams and Wetherill, 1994; Kenyon and Bromley, 2004c; Lo¨hne et al., 2008; Pan
and Schlichting, 2012).
Nevertheless, while this correlation is the strongest one for pure astrosilicate in this work it is
statistically insignificant for 90% porosity (rPearson = −0.25 and rSpearman = −0.33).
All in all we conclude that the decrease of the smin/sblow ratio with increasing stellar luminosity
identified by Pawellek et al. (2014) is pretty robust against the variation of dust composition considering
compact dust grains (Pawellek and Krivov, 2015) and the usage of a 90% porosity dust composition
is not appropriate for the sample of resolved debris discs.
7.2 Outliers
Since the choice of dust composition does not erase the correlation between grain size ratio and stellar
luminosity the influence of individual systems in the resulting trend was investigated in order to check
its robustness. Object HD 109085 (η Crv) is an example of such an outlier. By looking at Figure 7.1d
it turns out that this target owns a much higher grain size ratio than other objects with comparable
stellar luminosities. Furthermore, the uncertainties of HD 109085 are quite small, which could lead
to the effect that the resulting best-fit trend line lies above many data points. Other examples for
outliers are two of the four most luminous stars, namely HD 172167 (Vega) and HD 13161 (β Tri), as
well as HD 104860. These targets have all a high derived minimum grain size and small uncertainties
and thus it is possible that they influence the trend of smin/sblow.
The outliers of the sample were identified in the following way. For the whole sample one data
point by one was removed and the best-fit trend line calculated at each time. Then it was analysed
which target removal had the largest influence on the regression line. In Figure 7.2 the results for
pure astrosilicate are presented. There are three apparent outliers, namely HD 104860, HD 207129
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Figure 7.2: Identification of outliers in smin/sblow(L) for pure astrosilicate. Left: the factors A and
slopes B of the trend lines in the form A (L/L⊙)
B
, calculated by excluding from the sample one
data point at a time. Error bars are uncertainties in A and B returned by the fitting. The “cross-
hairs” depict the best fit through the whole sample. The strongest outliers are shown in colour: red is
HD 104860, light blue is HD 207129, and blue is β Tri. Right: size ratio versus stellar luminosity for
pure astrosilicate with and without outliers. The colour coding is the same as on the left. The black
line gives the trend line for the entire sample. The line of a certain colour is the best fit without the
object of the same colour. The removal of HD 104860 or HD 207129 lead to similar regression lines.
Therefore, only the result for the removal of HD 104860 is shown.
and HD 13161 (β Tri). Removing either HD 104860 or HD 207129 the slope of the trend is changed
from -0.48 to -0.43. The difference is 0.05 and lies within the uncertainty of the best-fit trend (0.07).
On the other hand, if β Tri is removed, the slope is changed more strongly by 0.11 to a value of -0.59.
This is larger than the uncertainty given by the fit. All in all we can say that individual systems can
influence the best-fit trend line moderately. Therefore, we decided to exclude β Tri from a further
analysis of the sample. This object is the most luminous star of the sample and belongs to the giant
class. Furthermore, it is a close binary (Kennedy et al., 2012b). These peculiarities suggest that β Tri
might not be representative for the whole sample.
7.3 Subsamples
We investigated the technical robustness of the trend by analysing the influence of different dust
compositions and individual targets. Now, we assume that the size ratio may depend on more physical
parameters of the system, such as the fractional luminosity or the disc radius and thus we will have a
more statistical point of view on the robustness.
7.3.1 Extracting and comparing subsamples
We split the whole sample of 31 objects (all targets with blowout grain sizes, minus β Tri) into two
subsamples of sizes n1 and n2, where n = 31 = n1+n2 according to a physical parameter, P , selected.
For instance, one subsample contains objects with a smaller median value of P and the other one all
objects larger than the median value of P . In that case, n1 = 15 and n2 = 16. After dividing the
sample, we analyse the smin/sblow(L) trend for both subsamples individually and calculate the best-fit
log-log regression lines with slopes b1 ± SE(b1) and b2 ± SE(b2). The parameter SE(x) represents
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the standard error of x. Finally, it has to be checked whether the trends of both subsamples are
statistically, significantly different or not. Thus, the null hypothesis is that the two subsamples are
not significantly different and the Student’s t-score can be applied with
t =
|b1 − b2|
SE(b1 − b2)
(7.1)
and
SE(b1 − b2) =
√
SE(b1)2 + SE(b2)2. (7.2)
Then the probability, p, has to be calculated, which proves whether the null hypothesis is true or not
with n1 + n2 − 4 degrees of freedom. The criterion used is that the subsamples are different, if the
two-tailed p < 0.01.
Since the sample contains a number of 31 objects it is not particularly large. Hence, it is necessary
to check the feasibility of this procedure. Therefore, we chose the HD-number of the targets as the
parameter P . The number is connected to the right-ascension of the primary stars and as such it is an
unphysical parameter, which should lead to an confirmation of the null hypothesis. The visualisation
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Figure 7.3: The grain size ratio as a function of stellar luminosity for two subsamples. The subsamples
are divided by the HD number. Objects with low HD number are shown in blue squares and objects
with high HD number are shown in red circles. The blue and red straight lines are the best fit through
the blue and red symbols. The black line represents the best fit for the whole sample.
of the results is given in Figure 7.3. The slopes of both subsamples are −0.53± 0.05 and −0.61± 0.08,
which leads to a t-value of 0.85 by using Equations (7.1) and (7.2). With 27 degrees of freedom the
probability of the null hypothesis is p = 0.40. This is much larger than 0.01 and thus, both subsamples
are indistinguishable from each other. So, our expectation is confirmed, the null hypothesis accepted
and the usage of subsamples is feasible.
7.3.2 Discs of low and high fractional luminosity
In this section the parameter P is identified with the fractional luminosity of the debris discs. The
median value of it is Pmed = 6.50 × 10
−5, whereas the subsample sizes stay n1 = 15 and n2 = 16.
The results are presented in Figure 7.4 for both, the minimum grain size and the grain size ratio as
function of stellar luminosity. For reasons of comparability with the size ratio plot, the minimum grain
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Table 7.1: Comparing the regressions for smin/sblow in pairs of subsamples for P < Pmed and P ≥ Pmed
P b1 ± SE(b1) b2 ± SE(b2) t-score p Verdict
HD −0.53± 0.05 −0.61± 0.08 0.85 0.40 same
fd −0.42± 0.10 −0.74± 0.06 2.74 0.01 marginally
Rdisc −0.56± 0.07 −0.69± 0.07 1.31 0.20 same
Tage −0.66± 0.10 −0.54± 0.05 1.07 0.29 same
F100 −0.45± 0.08 −0.75± 0.06 3.00 0.006 different
F100/Extent −0.62± 0.06 −0.58± 0.08 0.40 0.69 same
FWHM −0.60± 0.08 −0.55± 0.07 0.47 0.64 same
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Figure 7.4: Minimum size (left) and size ratio (right) vs. stellar luminosity, assuming pure astrosilicate,
for the subsamples of low and high fractional luminosity discs. Blue line and squares: fd < 6.50×10
−5,
red line and circles: fd ≥ 6.50× 10
−5, black line: the entire sample.
size plot does only contain the 31 objects mentioned above, although all targets of the sample own a
minimum grain size. The subsamples cover a broad stellar luminosity range, the one with low fractional
luminosities consists of objects between 0.6 L⊙ and 58 L⊙ while the other one with high fractional
luminosity targets covers a range between 1.1 L⊙ and 31 L⊙. Considering the subsample of high
fractional luminosity discs, the grain size smin is roughly consistent with a constant value of ∼ 5 ➭m and
shows only a weak, decreasing correlation with the stellar luminosity which is not statistically significant
(rPearson = −0.21 and rSpearman = −0.24). The low fractional luminosity subsample shows as well a
not significant correlation between the minimum grain size and the stellar luminosity (rPearson = 0.27
and rSpearman = 0.20). Applying the t-score, it turns out that t = 3.05 and hence, p = 0.005. This
means, that the subsamples are statistically different from each other. In case of the smin/sblow ratio
t = 2.74 and p = 0.011 which only shows marginally differences. Here, the slope is stronger for high
fractional luminosity discs (rPearson = −0.93 and rSpearman = −0.96), but both subsamples show a
strong correlation (low fractional luminosity: rPearson = −0.80 and rSpearman = −0.72). Obviously, the
scatter is smaller for the high fractional luminosity subsample which is also reported in Section 6.6. One
explanation for the differences between high and low fractional luminosity discs is that with a higher
fd the infrared excess is more pronounced and thus the SED fit is more reliable and less uncertain. A
confirmation for this assumption is that the scatter of data for high fractional luminosity discs around
the regression line is smaller (the correlation between the grain size ratio or the grain size and the
stellar luminosity is stronger) than for low fractional luminosity objects. The uncertainties of the trend
line parameters in Figure 7.4 show that. While it is 0.10 for the low fractional luminosity sample it is
only 0.06 for the high-fd one. Besides this more technical explanation there is also a physical possibility
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for differences between the two subsamples. It might be that high and low fractional luminosity discs
differ in one or another respect. If this is the case, than there should be systematic differences in
subsamples of other key parameters (e.g., disc radius or system’s age) as well.
7.3.3 Small vs. large discs and young vs. old discs
The differences in the two subsamples of high and low fractional luminosity discs might be explained
due to systematic differences in the disc radius or the stellar system’s age (e.g., Moo´r et al., 2006). For
example, debris discs are expected to loose dust mass and therefore fractional luminosity during the
collisional evolution. In this process planetesimals are ground to dust and particles of sub-blowout size
are produced and then expelled from the debris disc system due to stellar radiation pressure (Wyatt
et al., 2007a; Lo¨hne et al., 2008). Considering the minimum and maximum fractional luminosity the
disc radius is expected to be larger for high fractional luminosity discs than for low fractional luminosity
ones (see Figure 2.10).
Considering discs of a fractional luminosity fd < 6.50 × 10
−5 the average disc radius lies at
(110± 48) AU, while for discs with fd ≥ 6.50×10
−5 it is (170±51) AU. Hence, the radii of low fractional
luminosity discs seem to be smaller. The average ages of both subsamples are (547 ± 666) Myr and
(519± 685) Myr respectively, which leads to the impression that low fractional luminosity discs might
be slightly older (ignoring the large uncertainties). However, the standard deviations in both cases are
large and a statistical test is necessary in order to get reliable conclusions. The null hypothesis for the
following AD-test (see Chapter 2.3) is given by the disc radii and the ages being indistinguishable for
both subsamples. In Chapter 5.3.3, we inferred the uncertainty of the disc radii derived to be 8%, while
we assume an uncertainty of 25% in the age of the host stars estimated by 25% × log10(Tage/Myr).
The test parameters for the AD-test are given by Equations (2.46) and (2.47), where we use n1 = 15,
n2 = 16 as subsample sizes and k = 2 as number of the subsamples. In that case, the critical value for
the rejection of the null hypothesis is t1 = 3.75 at a significance level of α = 0.01 (Scholz and Stephens,
1987). The result for the disc radii is a value of T = 5.28± 1.05 which is larger than the critical value.
On the other hand, the AD-test for the ages led to a value of T = −0.20± 0.77. Therefore, we can say
that the radii of low and high fractional luminosity discs may be statistically distinguishable, whereas
the ages of the discs are clearly indistinguishable.
In addition we divided the sample into subsamples of small (Rdisc ≤ 129 AU) and large discs
(Rdisc ≥ 129 AU) as well as into young (Tage < 276 Myr) and old discs (Tage ≥ 276 Myr). For both we
used the median as separation value. The resulting statistical parameters of the two-sample tests are
given in Table 7.1. As listed there, the subsamples of disc radii and stellar age are indistinguishable
from each other, since the p-probabilities with 0.20 (disc radii) and 0.29 (stellar age) are much larger
than the significance level of 0.01. Hence, the marginal differences between the discs of high and low
fractional luminosity seem to originate more in the quality of the fits than in a physical reason.
7.3.4 Faint vs. bright discs
In an additional attempt, we chose the absolute integrated flux from the disc and that flux divided by
the disc extent as splitting parameter, P , in order to investigate possible systematic errors stemming
from the images. An example for such a systematic would be, that discs with a high absolute flux might
be larger, since a larger fraction of the disc would be visible above the noise. We used the absolute
integrated brightness at 100 ➭m and the absolute surface brightness to generate the two subsamples.
The results can be seen in Figure 7.6. Here, the objects HD 9672 (49 Cet), HD 172167 (Vega)
and HD 216956 (Fomalhaut) are excluded, since they have no Herschel -measured fluxes at 100 ➭m.
Therefore, the size of the subsamples is n1 = n2 = 14. The two subsamples of both, integrated and
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Figure 7.5: Same as Figures 7.3 and 7.4, but for the two subsamples based on the disc radius (left)
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Figure 7.6: Same as Figures 7.3–7.5, but for the two subsamples based on disc’s absolute integrated
brightness (left) and absolute surface brightness (right). Blue line and squares: faint discs; red line
and circles: bright discs; black line: the entire sample.
surface brightness include a wide range of stellar luminosities. The regression lines for the surface
brightness show no significant differences which is confirmed by a p-probability of 0.69. On the other
hand, there are variations for the integrated brightness (p = 0.006, see Table 7.1). Comparing these
new results with the result of the chapter before, it seems that the differences in the regression lines
are caused by the quality of the SED fit and not by a physical effect. Indeed, Figure 7.7 shows that
there is a correlation between the integrated brightness and the fractional luminosity. Since there
are no differences in the subsamples divided by surface brightness, systematic uncertainties caused by
the images seem not to be the reason for the differences in the subsamples of high and low fractional
luminosity.
7.3.5 Marginally-resolved vs well-resolved discs
Another possible explanation for the different trend lines might be the uncertainties of the measured
disc radii. We used the discs’ FWHM at 100 ➭m and compared it to the width of the Herschel/PACS
point-spread function (PSF) at the same wavelength (6.7′′). The sample was splitted into well re-
solved discs with an FWHM ≥ 10.6′′ (i.e., FWHM ≥ 1.6PSF) and marginally resolved discs with an
FWHM < 10.6′′ (i.e., FWHM < 1.6PSF). The results are shown in Figure 7.8. Most of the marginally
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Figure 7.7: Integrated brightness at 100 ➭m as a function of fractional luminosity. Excluded are 49 Cet,
Fomalhaut and Vega, since they do not have integrated brightnesses at 100 ➭m. The straight solid
line shows the best log-log-fit through the symbols.
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resolved discs of the sample can be found around high stellar luminosity stars, while the majority
of the well resolved discs have lower stellar luminosities. This is in agreement with Figure 5.3. The
regression lines of both subsamples reveal no significant differences with p = 0.64 (see Table 7.1).
All in all, we can say that the smin/sblow trend with the stellar luminosity persists, although discs
with high and low fractional luminosity or high and low integrated brightness reveal small differences
in the steepness of the slope. Therefore, a statistical effect causing this trend can be excluded as well
and now, physical processes can be investigated.
7.4 The role of the surface energy constraint
The analysis of the smin/sblow trend with stellar luminosity led to the assumption that this correlation
does not have a statistical or technical cause. Hence, physical processes have to be investigated in
order to explain it.
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The model without radiation pressure
The first idea is that it is not possible to produce smaller collisional fragments around low-luminosity
stars. The reason was given by Krijt and Kama (2014), who stated that the minimum size of collisional
fragments should be connected to the impact energy available. They showed the smin/sblow ratio to
be describable by
x ≡
smin
sblow
= 48A
(
0.01
f
)2
, (7.3)
where
A ≡
(
Rdisc
100AU
)(
L⊙
L
)(
0.01
η
)(
γ
100ergcm−2
)
, (7.4)
γ the surface energy per unit surface of the material and η the fraction of kinetic energy which is used
to create the new surface. The parameter f is given by
f =
vrel
vK
= vrel/
√
GMstar
Rdisc
, (7.5)
with vK being the Keplerian orbital velocity and vrel the relative velocity of the colliders. Krijt and
Kama (2014) set this velocity ratio equal to the average eccentricity of the dust parent planetesimals,
〈e〉, which can also called the dynamical excitation.
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Figure 7.9: The smin/sblow ratio as a function of stellar luminosity, assuming pure astrosilicate grains.
Symbols with error bars: discs of our sample with fd ≥ 6.50 × 10
−5. Gray-shaded area: region of
blowout grains. Dashed lines: original model by Krijt and Kama (2014), Equation (7.3). Grains below
the dashed lines are excluded by these models, because they should not be produced. Different line
colours correspond to different degrees of dynamical excitations: 〈e〉 = 0.01 (blue), 〈e〉 = 0.02 (green),
〈e〉 = 0.03 (yellow), 〈e〉 = 0.05 (orange); γ = 100 ergcm−2.
In Figure 7.9 the smin/sblow ratio as function of stellar luminosity is presented for the subsample
of 16 discs of high fractional luminosities. We chose this subsample since the fit results may be more
reliable than for the whole sample, which was explained in Section 7.3. Furthermore, the grain size
correlation was found to be stronger for this subsample and hence it is easier to compare the models.
Using the Krijt-and-Kama model (Equation (7.3)) and comparing it to the smin/sblow-L correlation
found for the sample of resolved discs, we got the following results depicted in Figure 7.9. The
parameter values were assumed to be η = 0.01 and γ = 100 erg cm−2, but they are highly uncertain.
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Particles with a size ratio below the dashed lines cannot be produced in a collision, since there would
be not enough impact energy to build their surface. On the other hand, smaller grains can be created
if their eccentricity is larger. Refering to the sample of resolved discs, the forbidden areas below
〈e〉 ≈ 0.02–0.03 and below the blowout limit match the region where no data points can be found
(except for HD 182681 which lies below the blowout limit).
The model including radiation pressure
Due to the radiation pressure the eccentricities of dust grain orbits are higher than those of their
parent planetesimals and hence there is a possibility to improve the above mentioned model, as noted
by Krijt and Kama (2014). The parameter f is connected to the average eccentricity of solids, which
are the “immediate parents” of the smallest collisional fragments. It is assumed that these particles
have a radius of bsmin with b > 1 being a numerical factor. They have the same dynamical excitation
as the planetesimals from which they originate, but the radiation pressure causes an increase in their
eccentricities (see Chapter 2.2.2). Now, the parameter f can be adopted as
f ≈
√
〈e〉2 +
(
β
1− β
)2
, (7.6)
with β given by Equation (2.16) (e.g., Lissauer and Stewart, 1993). Since Equations (7.3)–(7.4) assume
Qpr = 1, this relation is used as well for the sake of simplicity and allows to set β = 1/(2bx). With
this, Equation (7.3) can be written as
x = 48A
(
0.01
〈e〉
)2 [
1 +
1
〈e〉2(2bx− 1)2
]−1
(7.7)
Depending on b the discriminant of this cubic function is smaller than zero for 〈e〉 smaller than a certain
value (e.g., for b = 10, the dynamical excitation must be 〈e〉 . 0.04) and thus three real solutions for
smin/sblow exist in this case. For larger 〈e〉 the discriminant is larger than zero and so only one real
solution can be obtained while the other two are imaginary. Considering a discriminant smaller than
zero, the largest root of the cubic function leads to the smin/sblow of interest, while for b → ∞ the
simplified equation of Krijt and Kama (2014) can be obtained. The two other roots of Equations (7.7)
have a physical meaning as well. If the eccentricities of the parent particles are sufficiently high due
to radiation pressure, the fragments with an smin/sblow ratio between these roots can be created. A
limiting case explaining this is 〈e〉 → 0. Here, the cubic function can be simplified to a quadratic one
with
x = 4.8× 10−3A (2bx− 1)
2
. (7.8)
Now, the particles with smin/sblow between the two roots of this equation have large radiation pressure-
induced eccentricities and therefore, the impact energies are high enough to create these fragments.
Considering the parameter ranges used in this work, the two roots are smaller than unity, which means
that the minimum grain size, smin is smaller than the blowout limit, sblow and thus, they do not play a
physical role in this case. In Figure 7.10 the forbidden areas of the improved model including radiation
pressure (using Equation (7.7)) are shown in comparison to the model excluding radiation pressure
(using Equation (7.3)). Both models use the same eccentricities 〈e〉, while the factor b was set to 10.
This means that the collisional targets are on average ten times larger than the resulting fragments
(See Krivov et al., 2005, for justification of this choice and additional references.).
Comparing the smin/sblow trend of the data set with both, the simplified and the improved model
the latter one seems to reproduce the data not as well as the original one. Since some parameters,
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Figure 7.10: The smin/sblow ratio as a function of stellar luminosity, assuming pure astrosilicate grains.
Symbols with error bars: discs of our sample with fd ≥ 6.50 × 10
−5. Gray-shaded area: region of
blowout grains. Dashed lines: original model by Krijt and Kama (2014), Eq. (7.3). Filled areas:
improved model, Eq. (7.7). Grains below the dashed lines and those in filled areas are excluded by
these models, because they should not be produced. Different line and filling colours correspond to
different degrees of the dynamical excitation, 〈e〉. Left: γ = 100 ergcm−2, symbols represent the full
sample; right: γ = 2000 ergcm−2.
like γ or η, are uncertain a better adaption to the data can be generated by varying these parameters
in the given equations. This was done in the right panel of Figure 7.10, where γ was increased from
100 erg/cm2 to 2000 erg/cm2. The former value is realistic for icy materials (Wada et al., 2007;
Gundlach et al., 2011) whereas the latter one is more appropriate for e.g., silicon (Gilman, 1960). As
well, a lower energy fraction might be used. The result is a good match at higher eccentricities, e.g.,
at 〈e〉 ≈ 0.10 the area excluded by the improved model could describe the decrease of smin/sblow.
However, Thebault (2016) investigated the surface energy contraint in more detail by incorporating
it into a statistical code for collisional evolution of debris discs. Here, not only equal-sized colliders
(as in Krijt and Kama (2014)) were assumed, but a distribution (si, sj) of them. He found that for all
pairs of colliders the energy constraint can be observed, especially around low-mass stars or in discs
with low 〈e〉 it has a significant effect. In general this confirms the results found in Pawellek and
Krivov (2015) and in the previous sections of this work, but there are limitations as well. For example,
the pairs of colliders for which the surface energy constraint has the largest effect are not the same
pairs which produce the most of the dust. Thus, the global influence of the surface energy constraint
is relatively small. Only for discs around solar-type stars which have a high dynamical excitation the
constraint has a visible effect on the size distribution of dust particles. It was expected that in discs
with 〈e〉 = 0.01 the effect should be the strongest, but contrarily no visible effect on the size distribution
is detectable here. Thebault (2016) concluded that in such discs another mechanism dominates the
size distribution at small sizes, namely the imbalance of a small dust production and destruction rate
(The´bault and Wu, 2008) in dynamically cold discs. Mentioning the degree of excitation of debris discs
in connection to the surface energy constraint the influence of the stirring level on the grain size ratio
- stellar luminosity trend will be the next point of investigation.
7.5 The role of the stirring level
In this section we will have a closer look on the balance between dust production and destruction rate
of small particles. It is related to the microphysical effect of the surface energy constraint explained
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in the last section, but it is controlled by the level of stirring of the larger, macrophysical bodies.
7.5.1 Idea
The grain size distribution depends on the degree of dynamical excitation of the dust producing
planetesimals, 〈e〉 (The´bault and Wu, 2008). To explain this idea, we assume planetesimals with a low
dynamical excitation, which is still sufficiently high for collisions to be mostly destructive. In this case
the collision velocities between large grains not influenced by stellar radiation pressure are low and
therefore, the production rate of small grains is decreased compared to the production rate in systems
with a higher dynamical excitation.
On the other hand, the destruction rate of the small particles is related to their eccentricities and
these are set by stellar radiation pressure. Hence, it is independent of the dynamical excitation of
the parent bodies and stays the same. Considering the low dynamical excitation, a smaller number
of particles is produced, but the same number is destroyed and therefore, a dearth of small particles
should be the result leading to a shift of the maximum of the size distribution and the smin/sblow ratio
to larger values. This can be seen in Figure 7.11 considering the right maximum of the distribution.
The dominant grain size (smin) should be the peak of the size distribution. Particles of this size
Figure 7.11: Geometrical cross section as a function of grain size for different dynamical excitations.
The right maximum shifts towards larger values for lower dynamical excitations. The maximum for
the smallest grains on the left side is caused by a lack of even smaller particles which could destroy
their parent bodies. From The´bault and Wu (2008).
have inherited the eccentricity, 〈e〉, of their parent planetesimals which is the same as the radiation
pressure-induced eccentricity, β/(1−β), here. Assuming Qpr = 1 again, β ≈ 0.5(sblow/smin) and thus,
smin
sblow
≈
〈e〉−1 + 1
2
(7.9)
can be taken as rough estimate provable by collisional simulations. Pawellek and Krivov (2015) used
the collisional code ACE (Krivov et al., 2013) treating the collisional and radiation pressure forces
in a more realistic way by including cratering collisions, rebounds and sticking. Furthermore, they
considered low-luminosity stars besides A-stars already treated in The´bault and Wu (2008).
7.5.2 ACE runs
In order to test the effect in more detail, several ACE runs were necessary. Following Pawellek and
Krivov (2015) two different central stars (A2V with 17.4 L⊙ and G2V with 1 L⊙) and two different
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stirring levels (average planetesimals’ eccentricity of 0.1 and 0.01, average inclination according to the
energy equipartition) were investigated. The code considered stellar gravity, direct radiation pressure
and Poynting-Robertson drag besides the above mentioned possible collisional outcomes (disruptive,
cratering, rebounding, and sticking collisions). The initial disc mass was assumed to be 30 M⊕ (in
the bodies of up to 100 km radius), leading to typical fractional luminosities of the dust in the sample
of resolved debris discs, while the disc radius was taken as (100 ± 10) AU. The other standard
assumptions for the model runs are compact astrosilicate as dust composition (Draine, 2003a) and
a critical fragmentation energy from Benz and Asphaug (1999). The collisional evolution run was
stopped at a quasi-steady state defined in Lo¨hne et al. (2008).
7.5.3 Results
Size distribution
Figure 7.12 depicts the resulting size distribution from the described ACE runs. Comparing them with
Figure 7.11 we can say that both diagrams show similar results. The maximum of the size distribution
is shifted to higher values for lower dynamical excitations, 〈e〉. Furthermore, it is obvious that the
size distribution generated with ACE has significant differences comparing to a power law distribution
with a sharp cutoff size (see Figure 2.9).
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Figure 7.12: Simulated size distributions in the fiducial discs around A2-stars (thick lines) and G2-
stars (thin lines) with higher (red) and lower (blue) level of stirring. Plotted is the size distribution in
the parent ring, assumed to be located at 100AU. Vertical dashed lines mark the radiation pressure
blowout limit of A2-stars (thick) and G2-stars (thin). Note that two blowout values exist for the
G2-stars. The grains in unbound orbits are those between these two.
Beginning with the distribution for the A-star, a “plateau” can be seen between sblow = 3.0 ➭m
and a shallow maximum at 12 ➭m (for 〈e〉 = 0.10). This maximum increases towards 50 ➭m in case
of a dynamically cold disc (i.e. for 〈e〉 = 0.01). There are different-sized grains in the given size area
contributing almost equally to the dust cross section. Thus, a geometric mean value between the lower
and higher end of the plateau is taken as the minimum or dominant grain size, smin.
The disc around the G2-star has a blowout size of sblow = 0.46 ➭m and a size distribution maximum
at 2.6 ➭m for 〈e〉 = 0.10 or 10 ➭m for 〈e〉 = 0.01, respectively. Here, a second blowout limit does exist
as well, meaning that particles smaller than . 0.1 ➭m are staying in bound orbits and are contributing
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a large fraction to the dust’s total cross section. The absorption efficiency, Qabs, of these “sub-blowout
grains” is much lower compared to the larger bound particles (see Figure 2.3) and hence they only play
a minor role in the observed emission, which lies at the order of ∼ 10% at all wavelengths. Therefore,
the grains do not have a direct relevance to the discussed lower cutoff size of the size distribution,
but they do affect the distribution, since they are able to collide with the grains just above the upper
blowout limit and thus “erode” these particles.
Grain size ratio
The next step after analysing the size distribution is the investigation of the resulting grain size ratio -
stellar luminosity trend depicted in Figure 7.13. Here, the results from the sample of resolved discs are
compared to the ACE runs. The expectation was that smin/sblow increases with decreasing dynamical
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Figure 7.13: Symbols with error bars represent the discs of our sample (assuming pure astrosilicate) and
the thick black line is the best-fit through these data. Asterisks mark approximate values of smin/sblow
extracted from ACE simulations, as described in the text. The pairs of asterisks corresponding to the
same dynamical excitation, 〈e〉, are connected with dashed lines for illustrative purposes.
excitation, 〈e〉, and this is confirmed for both stars. It is as well roughly consistent with Equation (7.9).
Another interesting result is given by the fact that the lines of constant dynamical excitation are tilted
and thus smin becomes closer to sblow for high luminosity stars even if the dynamical excitation stays
constant. This effect was not expected before the modelling and it was reported in Pawellek and
Krivov (2015) for the first time. Furthermore, it mimics the smin/sblow − L trend found for the sample
of resolved discs. Comparing the smin/sblow - L trend with the lines of equal dynamical excitation it is
obvious that the trend does not confirm an assumption of constant 〈e〉 for the whole stellar luminosity
range. In fact, a dynamical excitation between 0.01 and 0.1 for G-stars and & 0.1 for A-stars seems
to be the best approximation of the data. Looking at the results of detailed collisional modelling of
several individual objects the increase of dynamical excitation with increasing stellar luminosity is
supported by Lo¨hne et al. (2012) and Schu¨ppler et al. (2014) who analysed a G0V-star HD 207129
and a K2V-star HIP 17439 respectively and found 〈e〉 being at the order of a few per cent. On the
other hand the modellings of the A5V-star HR8799 (Matthews et al., 2014a) and the A0V-star Vega
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(Mu¨ller et al., 2010) lead to a value of 〈e〉 ∼ 0.1. In case of HR 8799 the higher dynamical excitation is
expected since a substantial outer halo of small particles is present. However, the increase of dynamical
excitation with increasing stellar luminosity is a general statistical trend. Indeed, there is a scatter for
individual systems and as well there might be discs which do not follow this trend at all.
Another interesting aspect is the “self-regulation” of the smin/sblow(L) dependence which can be
explained as follows. The dynamical excitation of discs around more luminous stars is assumed to be
stronger and therefore, such discs should possess more pronounced halos. These halos would lead to
an overestimation of the disc radii of early-type stars since they were inferred from the images. As
a consequence the dust grain sizes would be underestimated (Pawellek et al., 2014). The correction
of this effect would lead to a raise of the data points on the right side of Figure 7.13 and thus to a
flattening of the smin/sblow(L) trend. In case of these discs the level of dynamical excitation would
decrease. If 〈e〉 is lower, the halos are assumed to be weaker which results in a drop down of the data
points of more luminous stars in Figure 7.13. The smin/sblow ratio is smaller, the smin/sblow(L) trend
shows a steeper decrease and all is reset to the starting conditions. So this trend seems to be robust
considering the uncertainties of the measured disc radii.
It should be also remarked that both, the stirring models and the surface energy models mentioned
in section 7.4 depend on each other. Assuming that the stirring level is correlated with the stellar
luminosity as proposed here, the surface energy constraint described in section 7.4 will be affected as
well, which results in a change of the filled areas depicted in Figure 7.9. A combination of both effects
to a single model would be a good way in future works, e.g., the surface energy constraint could be
implemented into the above mentioned collisional code ACE, since the collisional simulations shown
in this section did not include it.
Figure 7.14: Mass of the protoplanetary disc as function of stellar mass. From Williams and Cieza
(2011).
The question arises whether the correlation between the dynamical excitation and the stellar lu-
minosity can be expected. For instance, Williams and Cieza (2011) investigated protoplanetary discs
which are the progenitors of debris discs. They showed that the submillimeter dust masses in such
discs are correlated with the masses of their central stars (see Figure 7.14). So there is a possibility
that discs around more massive, high-luminosity stars possess a larger mass and therefore could form a
larger number of large planetesimals. In debris discs these large planetesimals could act as stirrers (the
so-called “self-stirring scenario”, e.g., Wyatt, 2008; Kennedy and Wyatt, 2010), which is supported by
simulations of planetesimal accretion (e.g., Kenyon and Bromley, 2008). The protoplanetary discs may
not only be more successful in the formation of large planetesimals but also in building more massive
giant planets. In the past, these planets could have been subject to scattering or vigorous migra-
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tion resulting in a higher dynamical excitation of debris discs (the “planetary stirring scenario”, e.g.,
Mustill and Wyatt, 2009). Supporting results for this theory come from both observational (e.g., John-
son et al., 2010; Reffert et al., 2015) and theoretical investigations (e.g., Ida and Lin, 2005; Kennedy
and Kenyon, 2008; Alibert et al., 2011; Mordasini et al., 2012), who concluded that more massive stars
possess giant planets more frequently and that the typical planet mass is larger. Nevertheless, the
above mentioned possibilities have to be tested further in order to validate them.
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8 Application to radii of unresolved discs
In the last chapter we analysed the grain size ratio - stellar luminosity trend and tried to explain its
cause by investigating different technical and physical effects. Now we will concentrate on another
trend found and described briefly in section 6.2.3, the ratio of the disc radius to the blackbody radius,
Γ, as a function of stellar luminosity. It was shown in Figure 7.1b for the whole sample of 39 resolved
debris discs and different dust compositions. Its existence allows us to estimate the radii of debris discs
which could not be spatially resolved yet. Refering to section 7.3, we will analyse possible outliers
at first in order to investigate the influence of individual objects. Then, we will give a recipe for the
estimation of the “true” disc radius of unresolved discs followed by an application to resolved discs not
included in the sample used in this work.
8.1 Outliers
8.1.1 Low-luminosity stars
As mentioned in sections 6.2.2 and 6.3, the radii ratios for stars with a stellar luminosity smaller than
1 L⊙ are smaller than expected from the trend line, which is partially explainable by the absorption
properties of the dust grains. Thus, the correlation found between the radius ratio and the stellar
luminosity is not the same for low-luminosity stars as for stars with higher stellar luminosities. In
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Figure 8.1: Radius ratio as function of stellar luminosity. Black filled squares with error bars show the
39 data points. The black solid line shows the best log-log fit through the symbols. The red solid line
shows the best log-log fit for objects with L > 1 L⊙. Pure astrosilicate was assumed.
Figure 8.1 the influence of the low-luminosity stars on the trend line is depicted. While the slope
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for the whole sample is −0.33 ± 0.05 using pure astrosilicate, it is changed to −0.38 ± 0.06 when all
stars with L < 1 L⊙ are excluded. Taking the uncertainties of the fit into account both lines show a
similar trend. The small influence of the low-luminosity stars on the trend can be explained by larger
uncertainties of their radius ratio. In order to get a reliable estimate of the radii of unresolved discs
we will exclude all stars with L < 1 L⊙. Hence, 31 objects remain in the sample used for the radius
estimate.
8.1.2 Other outliers
After excluding the low-luminosity stars from the sample we investigate the influence of the remaining
stars on the trend. Therefore, we will use the same method as described in section 7.2. Figure 8.2
shows the result of this analysis. The influence of individual objects is relatively small. The strongest
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Figure 8.2: Identification of outliers in smin/sblow(L) for pure astrosilicate. Left: the factors A and
slopes B of the trend lines in the form A (L/L⊙)
B
, calculated by excluding from the sample one
data point at a time. Error bars are uncertainties in A and B returned by the fitting. The “cross-
hairs” depict the best fit through the whole sample. The strongest outliers are shown in colour: red
is HD 104860, light blue is HD 10647, orange is η Crv, green is Vega, and blue is β Tri. Right: size
ratio versus stellar luminosity for pure astrosilicate with and without outliers. The colour coding is
the same as on the left. The black line gives the trend line for the entire sample. The line of a certain
colour is the best fit without the object of the same colour. The removal of HD 10647 or η Crv lead
to similar regression lines as well as the removal of Vega or β Tri. Therefore, only the result for the
removal of η Crv and Vega are shown.
outliers are HD 104860, Vega, and β Tri. Interestingly, η Crv is an obvious outlier, but causes no
significant change in the trend line. This is a slightly different result than reported in Pawellek and
Krivov (2015) and can be explained by an improvement of the error analysis of the SED fit process.
While in Pawellek and Krivov (2015) η Crv had a small uncertainty compared to the other discs the
new calculation led to smaller uncertainties for most of the data points making the trend more robust
against the influence of individual systems. This is supported by Figure 8.2 where the slope values of
the different trend lines in the right panel show similar results within the uncertainties. In order to
make the trend as robust as possible we will exclude all five outliers, namely q1 Eri, HD 104860, η Crv,
Vega and β Tri, which reduces the sample size to 27.
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8.2 Influence of dust compositions
We assume the best-fit relation between Γ and the stellar luminosity as
Γ = A (L/L⊙)
B
. (8.1)
The values of the power law coefficients A and B are given in Table 8.1 for the sample of 27 objects.
The trend lines for all dust compositions show a similar slope taking the uncertainties into account.
While in Pawellek and Krivov (2015) astrosilicate showed the steepest trend with A = 8.26 ± 1.27
and B = −0.55 ± 0.04 it changed to A = 6.49 ± 0.86 and B = −0.37 ± 0.05 in this work. Reasons
are the improvement of the error calculation process during the SED fitting and the improvement of
the derivation of the true disc radius compared to Pawellek et al. (2014). Now, the composition of
astrosilicate and ice possesses the steepest trend with A = 8.38±1.20 and B = −0.44±0.05. Compared
Table 8.1: Power-law coefficients for the Γ ratio
Dust composition A B
50% astrosilicate + 50% vacuum 6.93± 0.84 −0.40± 0.04
50% astrosilicate + 50% ice 8.38± 1.20 −0.44± 0.05
100% astrosilicate 6.49± 0.86 −0.37± 0.05
50% astrosilicate + 50% carbon 6.15± 0.76 −0.36± 0.05
100% carbon 6.43± 0.71 −0.40± 0.04
to Pawellek and Krivov (2015), where the standard deviation of the slope was 0.07, the trend lines
calculated in this work are not as much influenced by the different dust compositions. The standard
deviation of the slope is now 0.03.
After analysing the radius ratio trend with increasing stellar luminosity we are now going to use
the results described above in order to estimate the disc radii of unresolved debris discs.
8.3 Estimation of unresolved disc radii
8.3.1 Calculation recipe
The disc radius gives information about formation processes of planetesimals and planets and thus, it
is an important parameter for modelling debris discs. Unfortunately, most of the known debris discs
are unresolved and therefore, it is useful to have a possibility to estimate the disc radius of such discs.
The correlation between the ratio of true to blackbody radius and stellar luminosity gives us a good
chance to do that.
We will use the following steps in order to estimate the disc radius. At first it is necessary to
derive the dust temperature Td of the disc. This can be done by a SED fit of the disc with one
or another disc model, for instance, the modified blackbody radiation model (Backman and Paresce,
1993). Another way is to estimate the temperature from the wavelength λmax of the maximum excess
emission by Td = 5100K(1 ➭m/λmax). After deriving the dust temperature it is possible to calculate
the blackbody radius of the disc with help of the bolometric luminosity and
RBB =
(
278K
Td
)2(
L
L⊙
)1/2
AU. (8.2)
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Equation (8.1) was used in the last section to describe the correlation between the radius ratio and
the stellar luminosity. Now, it can be used to compute the “true” disc radius by multiplying Γ by
RBB with help of the coefficients A and B given in Table 8.1. Since the coefficients depend on the
dust composition, the most appropriate should be chosen. The SED fit can give some hints in that
case if several dust compositions are tested. The composition delivering the smallest χ2 value is often
assumed as the best choice.
The described recipe for the radius estimation has to be tested in order to check the reliability of
it. Therefore, we will use resolved discs which were not included in the sample of this work to derive
Γ. The radii of these discs are known and so we have a possibility to compare the radii reported in
the literature and measured from the resolved images with the calculated ones.
8.3.2 Application to resolved discs
We arbitrarily chose three discs resolved in scattered light in order to check the reliability of the
radius estimation. Since their radii were not inferred from the measurements of the Herschel/PACS
instrument these discs are the most suitable objects to test the method described above. The discs are
around the G2V star HD 107146 (taking the data from Ardila et al., 2004; Williams et al., 2004; Ertel
et al., 2011), the F5V star HD 181327 (Schneider et al., 2006; Lebreton et al., 2012), and the A7 star
HD 32297 (Kalas, 2005; Schneider et al., 2005; Donaldson et al., 2013). For all discs we calculated the
“true” disc radius for all five dust compositions used in this work. The results are listed in Table 8.2.
The estimate of the true disc radius gives reasonable results for all three discs. While the recipe leads
Table 8.2: Resolved discs used to test the Γ(L) relation.
HD number L/L⊙ Td[K] RBB[ AU] Γpred Rpred[ AU] Rtrue[ AU]
107146 1.1 51 31 6.7 (astrosil+vacuum) 208 (astrosil+vacuum) 130
8.0 (astrosil+ice) 248 (astrosil+ice)
6.3 (astrosil) 195 (astrosil)
5.9 (astrosil+carbon) 183 (astrosil+carbon)
6.2 (carbon) 192 (carbon)
181327 3.3 73 26 4.3 (astrosil+vacuum) 112 (astrosil+vacuum) 89
5.0 (astrosil+ice) 130 (astrosil+ice)
4.2 (astrosil) 109 (astrosil)
4.0 (astrosil+carbon) 104 (astrosil+carbon)
4.0 (carbon) 104 (carbon)
32297 5.3 83 26 3.6 (astrosil+vacuum) 94 (astrosil+vacuum) 110
4.0 (astrosil+ice) 104 (astrosil+ice)
3.5 (astrosil) 91 (astrosil)
3.4 (astrosil+carbon) 88 (astrosil+carbon)
3.3 (carbon) 86 (carbon)
to a large overestimate in case of the solar-type star, it delivers a value close to the true one for the
A-star. The low-luminosity stars show a different behaviour in the Γ-trend due to the absorption
properties of their dust. Thus, the radius estimate is not appropriate for these stars. Since HD 107146
has a stellar luminosity close to the cut-off luminosity of 1 L⊙ for this method the estimate is not as
good here as for the other two stars with higher stellar luminosities.
At this point it seems that the dust composition of astrosilicate and ice would be a poor choice
for the estimation of the true disc radius. But here, the object HD 95086 leads to the large regression
parameters A and B. If we remove this data point from the sample, the values of the regression change
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to A = 7.00 ± 0.67 and B = −0.39 ± 0.03. Using them instead of the values given in Table 8.1 the
disc radii of the three resolved discs are 209 AU for HD 107146, 114 AU for HD 181327 and 95 AU for
HD 32297. These results are more comparable to the estimation by the composition of astrosilicate
and vacuum. These two mixtures are often used in the literature (e.g, Lebreton et al., 2012; Donaldson
et al., 2013) instead of pure astrosilicate, but since the derived disc radii for all dust compositions are
close to each other the choice of the mixture seems to play a minor role here. On the other hand, the
sample size from which the correlation coefficients were calculated is quite small. Therefore, it would
be necessary to enlarge the sample and to check whether conclusions about the dust composition are
possible.
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Figure 8.3: The predicted ratio of the true disc radius to the blackbody radius, Γ, for pure astrosilicate.
The solid line is the best-fit relation, Eq. (8.1). The areas filled with dark-, medium-, and light-grey
are 1σ−, 2σ−, and 3σ−confidence areas for that relation, respectively. The symbols show the actual
Γ values (i.e., observed versus blackbody radius) for three selected test discs. Unlabeled small symbols
with error bars are fitting results for the discs in our sample, for the same dust composition. These
are the same as blue symbols in Fig. 7.1b. Left: the sample excluding stars with L < 1L⊙. Right: five
outliers (HD 10647, HD 104860, η Crv, Vega, and β Tri) excluded.
In Figure 8.3 the three resolved discs are put onto the Γ-plot of pure astrosilicate, where in addition
the confidence levels of Γ(L) are given. HD 107146 as worst estimate is a ≈ 3σ-outlier and shows that
for low stellar luminosities an over- or underestimate up to 60% is possible. In case of more luminous
stars the estimate is more accurate. In the literature the blackbody radius is often used as first guess of
the disc radius, but as shown above our proposed method of radius estimation is in any account a better
way comparing the results of Table 8.2, where e.g., for HD 32297 RBB = 26 AU while Rdisc = 110 AU.
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9 Conclusions and summary
In this work we analysed a sample of 39 debris discs around AFGKM-type stars with the goal of
finding correlations between stellar and disc parameters. All discs of the sample are well resolved and
therefore, we were able to derive their disc radii with a newly invented method, which made it possible
to break the degeneracy between the dust grain size and the location of dust in SED modelling. At
time of this writing the sample chosen was the largest of resolved debris discs ever analysed.
The SEDs were fit with two different methods, the modified blackbody approximation (MBB) where
the dominant grain size is assumed to be λ0/(2π) and the size distribution (SD) where the dominant
grain size is given by smin. Since there is a degeneracy between dust grain size and dust composition
as well we were able to break it due to the usage of five different dust compositions, namely pure
carbon, pure astrosilicate, mixtures of astrosilicate and ice, astrosilicate and vacuum and astrosilicate
and carbon. The results of the analysis are as follows:
Disc radii and radius ratio
A comparison of the results achieved with the above mentioned radius estimation in Chapter 5 and
the radius values reported in the literature led to the conclusion that the newly invented method of
radius estimation can be applied to all debris discs without constraints to the spectral type or distance
to the observer. Even for marginally resolved discs the method led to reasonable results.
The inferred disc radii show a large dispersion over the whole luminosity range of the host stars
and we could not find a significant correlation between them and the stellar luminosity. Small disc
radii can be found around late- and early type stars as well as large disc radii. Thus, the final shape
of a debris disc seems to depend on processes like collisional evolution or sculpting by planets rather
than temperature-driven processes which play a more important role during the formation of planetary
systems.
Furthermore, we found a decrease of the true to blackbody radius ratio as a function of stellar
luminosity. Since the blackbody radius can easily be inferred from the SED the correlation found gives
a recipe for the estimation of the true disc radius of unresolved debris discs. With this it is possible
to break the degeneracy between the grain size and the dust location.
SED models
We could fit all SEDs with a more or less high goodness of fit for both models (MBB and SD) and
found that for statistical analyses of disc temperatures or blackbody radii the fit method only plays
a minor role. In terms of grain sizes the MBB method only estimates the dominant particle size,
whereas the SD method uses it directly. Therefore, some differences can be found in the correlations,
but in general these are robust against both fit methods. For individual discs the fit method is more
important since it can make a difference between a one or two component system which was the case
for AU Mic for instance.
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Dust temperature
We found a systematic increase of the dust temperature with increasing stellar luminosity for both fit
methods and for all dust compositions used. The ratio of dust to blackbody temperature decreases
towards stars of earlier spectral types which is related to the decrease of the true-to-blackbody-radius
ratio with stellar luminosity.
Minimum size of dust grains and grain size ratio
We found a slight increase of the minimum grain size with increasing stellar luminosity, but the
assumption of a constant grain size with smin ≈ (5 ± 3) ➭m is also reasonable. However, theory
predicts an even stronger increase of the minimum grain size since the radiation pressure becomes
stronger towards more luminous stars. Caused by this small increase, the minimum-to-blowout-grain-
size ratio shows a decrease with increasing stellar luminosity. This was the strongest correlation found
in this work and it is robust against the variation of dust composition and porosity. It flattens for
a higher degree of porosity, but cannot be erased, which was shown by the usage of a 90% porosity
composition. The fit results using this extreme composition were unrealistical and the χ2-values for
the SED fit were quite large, so that there was no way in eradicating the grain size ratio trend.
We used subsamples in order to check whether the grain size ratio trend shows a different shape for
different disc parameters and investigated therefore discs with lower and higher fractional luminosity,
smaller and larger radii, younger and older ages, lower and higher absolute integrated flux density,
lower and higher absolute surface brightness, and marginally and well resolution. Except for lower and
higher fractional luminosity and lower and higher absolute integrated flux density the subsamples are
statistically indistinguishable in terms of smin/sblow(L). The differences for fractional luminosity and
absolute integrated flux density seem to be more related to SED fit effects than to physical causes and
are related to each other.
Since we could not find technical or statistical reasons for the grain size ratio trend we suppose
physical causes for it. Hence, the role of the surface energy constraint on the size of smallest collisional
fragements and the role of stirring of dust-producing planetesimals were investigated. The former
effect may be responsible for a lack of particles with a small smin/sblow-ratio in discs around late-type
stars, but a recent study showed that the global influence of the surface energy constraint is only of
small relevance. On the other hand, the smin/sblow(L) trend was confirmed by collisional simulations
and thus, the degree of stirring may be related to the grain size ratio trend. A conclusion would be
that discs around more luminous stars are more strongly excited than around low-luminosity stars
and so the protoplanetary discs of more massive young stars may be more efficient in building large
planetesimals or planets which act as stirrers at later evolutionary stages.
Both explanations, the microphysical (surface energy) and the macrophysical (stirring) one are
related to each other, since they involve small grain dynamics which is set by radiation pressure.
Hence, a combination of both could be done in future work in order to improve the analysis of the
smin/sblow(L) trend.
It might be also possible that alternative explanations for this trend exist. Several fit parameters
of the disc, e.g., chemical composition, tensile strength or degree of porosity, could vary with the type
of central star, but up to now, there is no observational evidence for such correlations and theoretical
expectations do not support this assumption as well. An example are the progenitors of debris discs
around early and late-type stars, Herbig Ae/Be stars and T Tau stars. The dust compositions of their
cold disc parts show no evidence for systematic differences (e.g., Dutrey et al., 2014).
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Size distribution index
The opacity index of the MBB model shows values between 0.3 and 2.0 for the whole sample of
resolved debris discs which confirms previous determinations based on sub-mm data. Considering
the SD method, the values of the index q lie between 3.0 and 4.5 for most of the debris discs using
pure astrosilicate, but there are more extreme values as well (η Crv: q = 2.9 and 30 Mon: q = 6.6).
Considering other dust compositions the variation of q is only minor. In general, q is roughly consistent
with results from detailed collisional modelling, but there it changes with the particle size, whereas in
the SD method only one q is used for the whole grain size range. Therefore, differences between the
results of collisional modelling and SD method are evident.
Dust composition
As mentioned before, the correlations found between disc and stellar parameters are robust against
the variation of the dust composition not considering extreme porosity. An extreme mixture of 90%
vacuum and 10% astrosilicate led to large χ2 values in the SED fits and gave unrealistical fit results.
Therefore, no conclusions can be made in this case.
On the other hand, the dust composition is important for the modelling of individual systems.
Here, astrosilicate was used as a kind of “reference material” for all discs, but it is not the best choice
since it is a designed material for the description of observations of the interstellar medium (Draine
and Lee, 1984). As such it does not exist in nature and has no justification for the application to
circumstellar discs may it a protoplanetary or a debris one. The modelling of individual systems shows
that pure astrosilicate fits SEDs more poorly than combinations with ice, carbon and vacuum (e.g.,
Lebreton et al., 2012; Donaldson et al., 2013; Morales et al., 2013; Schu¨ppler et al., 2014, among many
others).
Summary and outlook
One general conclusion of this thesis is that the statistical modelling of debris discs is not as easy as
it seems, since each disc is an individual system with its own peculiarities. An example is the star
β Tri, which possesses the highest stellar luminosity in the sample, is one of only two giants and a
close binary as well. Nevertheless, all these individuals seem to follow general trends, that are robust
against the variations of fit method or dust composition.
With 39 well-resolved debris discs the sample chosen for this analysis can be increased by several
other resolved discs in future works in order to make the correlations found even more robust. It is also
possible to derive an improved “reference material” as dust composition for debris discs, leading to
more reliable results in SED fitting of individual discs. Furthermore, the investigation of correlations
of a sample of collisionally modelled discs would be interesting. At time of this writing, HIP 17439,
AU Mic, HD 207129, q1 Eri and Vega were modelled with the collisional code ACE, but in the future
more discs will be done.
85
Appendices
86
AppendixA Photometry of the systems
Table A.1: Mid-IR Photometry Used in Creating the Target SEDs
Target (HD)
Flux [mJy]
Wavelength 11.56µm 16µm 18µm 22µm 22.09µm 24µm 31µm Note
Instrument b a c a b d a
GJ 581 213 ± 19 108 ± 1 . . . 58.8 ± 1.0 . . . . . . 31.4 ± 1.3 (3)
197481 543 ± 60 . . . 246 ± 36 183 ± 21 . . . 158 ± 3 . . .
128311 268.6 ± 3.686 140.0 ± 4.0 . . . 74.98 ± 2.94 74.20 ± 1.76 61.00 ± 3.000 37.04 ± 1.260 (2)
192263 176.47 ± 2.28 101.7 ± 3.07 . . . 52.70 ± 2.79 52.41 ± 2.12 43.80 ± 3.000 27.05 ± 3.57 (2)
92945 177.5 ± 2.435 100.2 ± 6.87 . . . 54.63 ± 10.94 50.12 ± 1.590 39.20 ± 3.89 26.55 ± 3.88 (2)
23484 314.4 ± 5.2 172 ± 6 . . . 90.3 ± 8.4 90.4 ± 2.0 80.47 ± 5.09 56.6 ± 15.4 (2)
131511 867.6 ± 11.20 . . . 384.0 ± 18.80 . . . 240.1 ± 5.033 193.0 ± 3.930 . . .
166 708.5 ± 16.13 324 ± 11 273.0 ± 29.40 182 ± 4 187.1 ± 4.258 155.0 ± 3.160 120 ± 4 (2)
104860 81.1 ± 1.1 44.49 ± 2.93 . . . 24.73 ± 3.53 23.3 ± 1.1 21.54 ± 2.91 13.36 ± 3.10
207129 635 ± 8 371 ± 5 262 ± 31 197 ± 4 196 ± 5 155 ± 3 114 ± 5 (2)
10647 600.2 ± 7.7 . . . 315.3 ± 39.7 . . . 218.1 ± 4.0 184.8 ± 3.8 185.4 ± 7.3
48682 774 ± 11 425 ± 12 458 ± 17 240 ± 5 246 ± 5 193 ± 4 152 ± 4 (2)
50571 303 ± 4 152 ± 4 129 ± 12 82.7 ± 5.0 85.4 ± 1.9 70.4 ± 2.8 48.0 ± 4.0 (2)
170773 262 ± 3 136 ± 5 . . . 78.4 ± 5.7 76.4 ± 2.2 65.3 ± 2.6 54.6 ± 6.0 (2)
218396 258 ± 4 140 ± 2 119 ± 80 91.3 ± 2.3 94.7 ± 2.8 86.6 ± 1.7 68.0 ± 2.3 (2)
109085 1460 ± 70 . . . 820 ± 20 . . . 680 ± 40 590 ± 20 . . . (4)
27290 1269.12 ± 9.35 704.8 ± 12.7 . . . 263.3 ± 8.9 367.76 ± 7.11 315.6 ± 3.2 . . .
95086 62.7 ± 3.0 . . . . . . 46.7 ± 7.3 51.6 ± 3.3 45.6 ± 2.0 96.7 ± 10.0 (1)
195627 761 ± 10 439.6 ± 8.3 325 ± 13 248.5 ± 6.7 237 ± 5 186 ± 7 159.46 ± 4.85
20320 . . . 333.5 ± 6.6 263.5 ± 56.0 186.8 ± 5.0 . . . 162.6 ± 4.2 109.18 ± 2.94
21997 106.6 ± 5.2 . . . . . . . . . 57.2 ± 3.7 55.1 ± 2.2 92.3 ± 10.3 (1)
110411 247.4 ± 7.2 . . . 204.2 ± 18.3 162.8 ± 6.0 . . . 149.7 ± 3.9 . . .
142091 . . . . . . . . . . . . 890.4 ± 13.1 800.1 ± 8.0 . . .
102647 . . . 2989 ± 48 . . . 1724 ± 30 . . . 1647 ± 33 . . .
125162 . . . 442 ± 5 415.7 ± 15.6 310 ± 6 . . . 270.8 ± 2.3 276 ± 6 (2)
216956 . . . 6947 ± 112 5338 ± 81.8 3940 ± 64 . . . 3502 ± 64 . . . (4)
17848 315 ± 4 177.3 ± 3.6 105 ± 10 99.82 ± 2.75 102 ± 2 88.68 ± 2.44 68.26 ± 1.87
9672 211 ± 21 . . . . . . . . . 238 ± 24 259 ± 10 426 ± 1 (1)
71722 141 ± 2 85.67 ± 1.83 . . . 65.16 ± 1.81 63.4 ± 2.1 62.53 ± 1.73 76.70 ± 1.94
182681 180 ± 2 . . . . . . . . . 123 ± 3 . . . . . .
14055 . . . 443 ± 11 372.2 ± 22.1 315 ± 6 . . . 282.66 ± 6.63 317 ± 6 (2)
161868 1160 ± 15 643.6 ± 12.6 . . . 463.3 ± 11.4 474 ± 9 438.5 ± 10.9 . . .
188228 . . . 385 ± 12 296.6 ± 31.0 206.8 ± 7.3 . . . 170.75 ± 0.55 128 ± 14 (2)
10939 322 ± 4 177 ± 4 . . . 116 ± 5 121 ± 3 104 ± 2 114 ± 5 (2)
71155 . . . 455 ± 10 398.4 ± 19.5 337 ± 9 . . . 307 ± 3 296 ± 4 (2)
172167 . . . . . . . . . . . . . . . 8900 ± 89 . . . (4)
139006 . . . 2331 ± 39 1823 ± 38 1375 ± 25 . . . 1261.63 ± 15.46 964.16 ± 7.07
95418 3283 ± 27 1770 ± 42 1546 ± 21 1060 ± 31 1167 ± 25 1026 ± 14 743 ± 26 (2)
13161 . . . 1530 ± 34 1141 ± 31 896 ± 19 . . . 791.5 ± 16.0 669 ± 24 (2)
Notes:
All values and error bars are taken from the literature as they were published. For instance, WISE error bars for different
objects may or may not include the calibration uncertainty. (1) For these stars, more photometry points extracted from the IRS
spectra have been published. Although not given in the table, these were included in the SED fitting. (2) For these stars, we
took the IRS spectra from CASSIS (Lebouteiller et al., 2011). The spectra of objects taken in mapping mode were reduced as
in Moo´r et al. (2013a,b). For those observed in low-resolution staring mode we made additional steps (outlier detection, module
stitching) as described in Moor et al. (in prep.). In both cases, we then took averages in the wavelength ranges 15–17, 21–23,
and 30-32 microns to extract the photometry points. (3) This object was observed in high resolution staring mode. Since no
CASSIS spectrum is available, we used its Spitzer Science Center IRS Enhanced Product, performed the usual post-processing
steps, and then extracted the photometry points. (4) For these stars, IRS spectra in different observing modes have been taken
(Lebreton et al., 2013; Su et al., 2013b; Chen et al., 2014; Ducheˆne et al., 2014). However, the resulting fluxes are not given in
the literature, except for two photometry points for HD 216956. We decided not to reduce the data by ourselves because of the
large spatial extent and brightness of the objects (saturation effects). Instruments: (a) Spitzer/IRS; (b) WISE; (c) AKARI;
(d)Spitzer/MIPS.
References: WISE from Wright et al. (2010); Moo´r et al. (2013a,b); Bonsor et al. (2013); Spitzer/IRS from Moo´r et al. (2013a,b);
Roberge et al. (2013); Chen et al. (2014); AKARI from Ishihara et al. (2010); Spitzer/MIPS from Su et al. (2006); Trilling et al.
(2007); Chen et al. (2012); Eiroa et al. (2013); Moo´r et al. (2013a,b); Bonsor et al. (2013).
87
A
P
P
E
N
D
IX
A
.
P
H
O
T
O
M
E
T
R
Y
O
F
T
H
E
S
Y
S
T
E
M
S
Table A.2: Far-IR and Sub-mm Photometry Used in Creating the Target SEDs
Target (HD)
Flux [mJy]
Wavelength 70µm 70µm 100µm 160µm 250µm 350µm 450µm 500µm 850µm 870µm
Instrument a b b b c c d c d e
GJ 581 20.0 ± 5.3 18.9 ± 1.4 21.5 ± 1.5 22.2 ± 5.0 < 24.0 < 26.0 . . . < 27.0 . . . . . .
197481 227 ± 27 231.3 ± 16.3 . . . 243 ± 17 134 ± 8 84.4 ± 5.4 85 ± 42 47.6 ± 3.8 14.4 ± 1.8 . . .
128311 21.00 ± 3.200 23.00 ± 5.400 . . . 25.90 ± 2.000 . . . . . . . . . . . . . . . . . .
192263 22.30 ± 5.000 19.50 ± 2.200 . . . 7.100 ± 1.800 . . . . . . . . . . . . . . . . . .
92945 298.0 ± 45.00 267.5 ± 13.40 . . . 276.5 ± 13.40 . . . . . . . . . . . . . . . . . .
23484 99.1 ± 8.4 74.5 ± 3.8 91.3 ± 4.7 91.9 ± 4.9 53.0 ± 10.4 32.2 ± 8.9 . . . < 21.6 . . . . . .
131511 42.70 ± 6.700 36.80 ± 3.800 25.00 ± 2.100 14.40 ± 3.200 . . . . . . . . . . . . . . . . . .
166 103.0 ± 7.830 96.50 ± 4.800 54.60 ± 3.900 22.20 ± 2.700 . . . . . . . . . . . . . . . . . .
104860 183.1 ± 7.4 . . . 277.0 ± 3.5 243.4 ± 5.2 . . . 50.1 ± 15.0 47.0 ± 14.0 . . . 6.8 ± 1.2 . . .
207129 278.2 ± 21.5 284.0 ± 1.5 311 ± 1 211.0 ± 1.5 113 ± 18 44.3 ± 9.0 . . . 25.9 ± 8.0 . . . 5.1 ± 2.7
10647 863.4 ± 58.7 896.2 ± 26.9 897.1 ± 26.9 635.9 ± 31.8 312.3 ± 25.6 179.9 ± 14.6 . . . 78.4 ± 9.8 . . . 39.4 ± 4.1
48682 262.8 ± 18.3 264.0 ± 4.1 252.3 ± 3.2 182.1 ± 3.8 90 ± 15 25 ± 8 . . . < 24.0 5.5 ± 1.1 . . .
50571 248.8 ± 18.7 223.9 ± 17.4 262.9 ± 19.7 188.5 ± 16.7 71.1 ± 7.3 46.2 ± 7.0 . . . 13.6 ± 7.4 . . . . . .
170773 787.9 ± 56.0 806.7 ± 56.8 1109.9 ± 78.3 875.2 ± 61.5 379.1 ± 21.6 167.8 ± 11.2 . . . 73.9 ± 7.3 . . . 18.0 ± 5.4
218396 610.0 ± 31.0 537 ± 15 687 ± 20 570 ± 50 309 ± 30 163 ± 30 . . . 74 ± 30 10.3 ± 1.8 . . .
109085 198 ± 7 230 ± 13 252 ± 16 231 ± 13 . . . . . . 58 ± 10 . . . 15.5 ± 1.4 . . .
27290 170.7 ± 8.1 171.0 ± 8.7 148.4 ± 7.7 134.3 ± 14.1 52.5 ± 6.5 23.5 ± 8.0 . . . < 16.7 . . . . . .
95086 654.6 ± 44.4 690.1 ± 48.6 675.1 ± 47.6 462.4 ± 32.7 213.4 ± 12.9 120.3 ± 8.7 . . . 63.6 ± 10.2 . . . 41.3 ± 18.4
195627 609.0 ± 60.9 630.0 ± 44.5 607.9 ± 43.5 405.4 ± 29.3 145.9 ± 14.1 70.9 ± 7.7 . . . 34.1 ± 7.5 . . . 13.0 ± 7.0
20320 103.0 ± 8.0 93.9 ± 5.8 84.1 ± 5.9 42.1 ± 0.8 . . . . . . . . . . . . . . . . . .
21997 663.7 ± 46.0 697.6 ± 49.2 665.4 ± 47.5 410.8 ± 30.0 151.4 ± 11.0 66.7 ± 9.5 . . . 33.1 ± 9.4 8.3 ± 2.3 . . .
110411 248.0 ± 2.2 230.1 ± 4.3 154.2 ± 7.0 67.3 ± 7.0 37.9 ± 0.8 22.7 ± 0.5 . . . 20.3 ± 0.4 . . . . . .
142091 426.2 ± 22.3 . . . 335.0 ± 16.0 192.0 ± 10.0 . . . . . . . . . . . . . . . . . .
102647 743.0 ± 52.0 . . . 480.0 ± 30.0 215.0 ± 32.0 51.0 ± 12.0 < 39.0 < 50.0 < 15.0 < 6.0 . . .
125162 364.7 ± 3.9 345.3 ± 17.3 272.1 ± 15.4 142.4 ± 12.1 50.7 ± 5.1 21.3 ± 5.3 . . . 4.2 ± 4.9 . . . . . .
216956 9057.1 ± 736.4 10800 ± 900 . . . 6200 ± 600 2700 ± 300 1100 ± 100 595 ± 35 500 ± 50 97 ± 5 . . .
17848 . . . 213.8 ± 17.1 210.8 ± 18.1 138.5 ± 11.4 50.9 ± 5.9 28.8 ± 6.4 . . . 6.8 ± 10.1 . . . . . .
9672 . . . 2142.0 ± 58.0 . . . 1004.0 ± 53.0 372.0 ± 27.0 180.0 ± 14.0 . . . 86.0 ± 9.0 8.2 ± 1.9 . . .
71722 155 ± 4 . . . 120.5 ± 4.1 46.9 ± 8.7 . . . . . . . . . . . . . . . . . .
182681 . . . 607.8 ± 42.8 463.2 ± 33.3 243.0 ± 18.2 84.3 ± 7.2 30.1 ± 5.4 . . . 8.2 ± 7.3 . . . . . .
14055 787.8 ± 157.6 777.6 ± 38.8 718.8 ± 35.5 444.3 ± 10.4 186.6 ± 13.6 78.1 ± 7.2 . . . 21.8 ± 5.1 5.5 ± 1.8 . . .
161868 1085.2 ± 217.0 1219.4 ± 85.5 1044.5 ± 73.4 587.8 ± 44.4 177.9 ± 12.8 98.3 ± 10.1 . . . 57.0 ± 11.6 . . . 12.8 ± 5.2
188228 69.0 ± 6.1 63.1 ± 4.8 41.9 ± 4.6 23.6 ± 3.2 5.0 ± 3.9 0.7 ± 4.8 . . . 0.0 ± 4.7 . . . . . .
10939 384.6 ± 16.5 396.3 ± 28.3 403.7 ± 28.8 277.9 ± 20.7 94.9 ± 7.7 43.5 ± 7.0 . . . 4.0 ± 6.7 . . . . . .
71155 211.7 ± 2.8 206.2 ± 10.5 86.5 ± 5.9 25.5 ± 0.7 7.0 ± 3.4 4.2 ± 4.5 . . . < 13.8 . . . . . .
172167 11416.1 ± 2283.2 10120 ± 1180 . . . 4610 ± 900 1680 ± 260 610 ± 100 . . . 210 ± 40 45.7 ± 5.4 . . .
139006 542.0 ± 80.7 515.0 ± 25.2 235.1 ± 12.6 67.6 ± 2.4 . . . . . . . . . . . . . . . . . .
95418 421.13 ± 84.23 393.0 ± 19.4 189.2 ± 9.6 58.3 ± 10.5 18.3 ± 3.9 14.1 ± 4.3 . . . 9.1 ± 4.7 . . . . . .
13161 643.0 ± 51.0 641.2 ± 31.5 481.1 ± 23.4 263.6 ± 0.3 87.1 ± 7.3 34.6 ± 5.6 . . . 5.1 ± 4.9 . . . . . .
Notes:
All values and error bars are taken from the literature as they were published. This explains, for instance, why non-detections are sometimes given as measured values (4.2 ± 4.9) and
sometimes as upper limits (< 15.0).
Instruments:
(a) Spitzer/MIPS; (b) Herschel/PACS; (c) Herschel/SPIRE; (d) JCMT/SCUBA; (e) APEX/LABOCA.
References:
Spitzer/MIPS from Su et al. (2006); Trilling et al. (2007); Eiroa et al. (2013); Moo´r et al. (2013a,b); Bonsor et al. (2013);
Herschel/PACS and /SPIRE see Table 4.1;
JCMT/SCUBA from Sheret et al. (2004); Najita and Williams (2005); Williams and Andrews (2006);
APEX/LABOCA from Nilsson et al. (2010); Liseau et al. (2008). 88
AppendixB Fit results for different dust
compositions
B.1 Astrosilicate and ice
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 1.99 ± 1.81 3.55 ± 0.36 35 ± 7 2.35 ± 0.44 7.73 . . . . . . . . . 0.79
197481 37 . . . 23 0.04 ± 0.34 3.30 ± 0.03 43 ± 2 1.87 ± 0.10 40.5 . . . . . . . . . 4.63
128311 58 . . . 27 0.14 ± 2.29 3.08 ± 0.15 35 ± 2 1.31 ± 0.09 3.20 . . . . . . . . . 1.55
192263 53 . . . 28 7.59 ± 1.62 5.03 ± 0.29 69 ± 5 2.43 ± 0.16 2.43 . . . . . . . . . 0.19
92945 72 . . . 25 5.89 ± 1.81 3.86 ± 0.20 47 ± 2 1.85 ± 0.08 56.4 . . . . . . . . . 2.78
23484 93 . . . 23 2.11 ± 0.95 3.43 ± 0.08 39 ± 2 1.68 ± 0.07 8.49 . . . . . . . . . 2.32
131511 74 . . . 27 0.12 ± 1.40 3.49 ± 0.20 69 ± 4 2.57 ± 0.15 0.80 . . . . . . . . . 13.97
166 40 0.24 39 1.64 ± 0.42 4.13 ± 0.11 102 ± 7 2.64 ± 0.18 5.02 0.2 512 19.7 1.04
104860 113 0.61 27 8.64 ± 0.68 3.80 ± 0.05 43 ± 1 1.57 ± 0.05 55.0 . . . . . . . . . 1.38
207129 144 0.65 24 6.84 ± 0.16 4.29 ± 0.03 63 ± 3 2.57 ± 0.11 7.71 . . . . . . . . . 6.70
10647 114 0.74 29 3.44 ± 0.44 3.67 ± 0.04 63 ± 2 2.17 ± 0.07 26.1 6 123 4.19 4.93
48682 129 0.85 28 1.06 ± 0.26 3.50 ± 0.03 69 ± 1 2.44 ± 0.04 7.12 . . . . . . . . . 7.01
50571 139 1.23 31 6.28 ± 1.10 3.87 ± 0.10 63 ± 3 2.00 ± 0.09 12.1 . . . . . . . . . 1.87
170773 203 1.28 26 5.97 ± 1.25 3.90 ± 0.09 47 ± 5 1.77 ± 0.18 50.8 . . . . . . . . . 3.53
218396 282 1.58 24 6.50 ± 0.46 3.95 ± 0.05 47 ± 1 1.92 ± 0.04 27.3 3 235 7.47 6.84
109085 142 1.64 35 9.19 ± 1.94 2.63 ± 0.08 35 ± 1 1.01 ± 0.03 1.45 3 247 13.8 1.81
27290 129 1.91 39 0.01 ± 0.54 3.23 ± 0.05 69 ± 4 1.79 ± 0.09 2.07 . . . . . . . . . 6.92
95086 272 2.07 27 1.33 ± 0.25 3.61 ± 0.04 69 ± 1 2.53 ± 0.04 141 7 171 16.6 1.33
195627 171 2.17 35 5.26 ± 0.37 3.86 ± 0.05 69 ± 3 1.98 ± 0.09 9.87 2 351 4.66 2.39
20320 149 2.87 41 9.68 ± 0.82 4.20 ± 0.11 63 ± 1 1.54 ± 0.02 1.02 7 181 1.34 0.45
21997 170 3.07 39 9.34 ± 1.11 4.06 ± 0.10 63 ± 3 1.61 ± 0.07 33.4 37 83.5 17.9 0.47
110411 118 3.14 47 2.84 ± 0.26 3.93 ± 0.06 84 ± 4 1.78 ± 0.08 5.06 3 273 3.33 4.67
142091 127 3.53 46 1.37 ± 0.57 3.41 ± 0.07 69 ± 4 1.50 ± 0.08 5.40 . . . . . . . . . 8.16
102647 44 3.08 80 4.69 ± 0.16 4.40 ± 0.04 102 ± 5 1.28 ± 0.06 2.24 3 300 2.61 21.00
125162 116 3.88 51 1.97 ± 0.27 3.55 ± 0.04 84 ± 1 1.65 ± 0.02 4.24 6 217 2.08 4.76
216956 127 3.85 49 4.18 ± 0.40 3.45 ± 0.06 69 ± 1 1.42 ± 0.02 7.17 . . . . . . . . . 2.86
17848 223 3.90 37 8.67 ± 1.25 3.95 ± 0.12 63 ± 3 1.70 ± 0.08 4.19 20 124 1.92 3.38
9672 170 3.98 42 3.45 ± 0.61 3.66 ± 0.04 69 ± 2 1.63 ± 0.04 75.2 11 168 16.0 0.73
71722 128 4.43 48 2.41 ± 0.31 3.61 ± 0.06 84 ± 2 1.75 ± 0.04 9.75 4 258 4.77 1.99
182681 195 5.55 44 7.70 ± 1.52 4.05 ± 0.10 69 ± 3 1.56 ± 0.07 13.5 10 196 8.23 0.79
14055 164 5.54 48 4.18 ± 0.35 3.48 ± 0.03 69 ± 1 1.43 ± 0.02 6.42 13 170 2.54 2.59
161868 143 5.71 52 11.2 ± 1.14 3.89 ± 0.09 63 ± 2 1.20 ± 0.04 4.53 30 114 4.46 2.70
188228 102 5.83 62 1.10 ± 0.45 3.23 ± 0.09 84 ± 3 1.35 ± 0.05 0.42 . . . . . . . . . 1.60
10939 199 6.57 46 9.84 ± 1.37 3.61 ± 0.12 63 ± 2 1.35 ± 0.05 5.98 29 121 2.39 3.76
71155 85 7.24 73 6.52 ± 0.17 6.48 ± 0.12 102 ± 1 1.39 ± 0.01 1.52 15 174 1.84 1.75
172167 108 9.46 61 18.0 ± 1.45 3.77 ± 0.06 63 ± 1 1.02 ± 0.02 1.23 . . . . . . . . . 8.80
139006 61 8.49 98 9.15 ± 0.57 5.40 ± 0.38 92 ± 4 0.95 ± 0.04 0.78 19 177 0.72 2.33
95418 62 11.06 97 5.89 ± 0.51 4.12 ± 0.17 102 ± 3 1.05 ± 0.03 1.01 . . . . . . . . . 5.20
13161 154 7.80 65 21.3 ± 0.85 4.70 ± 0.21 57 ± 2 0.87 ± 0.02 1.15 43 123 2.24 3.25
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 2.25 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
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B.2 Astrosilicate and Vacuum
B.2.1 50% Astrosilicate and 50% Vacuum
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 0.03 ± 0.92 3.44 ± 0.20 43 ± 4 2.85 ± 0.23 7.23 . . . . . . . . . 0.90
197481 37 . . . 23 0.03 ± 0.30 3.26 ± 0.03 43 ± 2 1.87 ± 0.07 39.6 . . . . . . . . . 6.31
128311 58 . . . 27 0.14 ± 3.64 3.07 ± 0.22 35 ± 3 1.31 ± 0.12 3.13 . . . . . . . . . 1.56
192263 53 . . . 28 8.59 ± 1.98 5.35 ± 0.25 63 ± 5 2.20 ± 0.18 2.55 . . . . . . . . . 0.19
92945 72 . . . 25 5.89 ± 3.01 3.80 ± 0.49 47 ± 2 1.85 ± 0.08 58.1 . . . . . . . . . 2.72
23484 93 . . . 23 0.03 ± 0.43 3.24 ± 0.04 39 ± 2 1.68 ± 0.09 8.80 . . . . . . . . . 1.69
131511 74 . . . 27 0.06 ± 1.28 3.53 ± 0.19 69 ± 8 2.57 ± 0.28 0.74 . . . . . . . . . 14.00
166 40 . . . 39 2.55 ± 0.49 4.40 ± 0.22 92 ± 4 2.39 ± 0.11 4.68 0.2 512 20.2 1.23
104860 113 0.49 27 7.11 ± 0.82 3.58 ± 0.05 43 ± 2 1.57 ± 0.07 57.7 . . . . . . . . . 1.42
207129 144 0.55 24 3.37 ± 0.26 3.81 ± 0.03 57 ± 1 2.33 ± 0.04 8.73 . . . . . . . . . 4.29
10647 114 0.72 29 2.88 ± 0.35 3.56 ± 0.03 57 ± 2 1.98 ± 0.08 26.7 5 142 3.48 6.52
48682 129 0.87 28 0.03 ± 0.22 3.37 ± 0.03 63 ± 3 2.21 ± 0.09 7.23 . . . . . . . . . 2.94
50571 139 1.43 31 6.10 ± 0.77 3.75 ± 0.06 57 ± 3 1.82 ± 0.08 12.5 . . . . . . . . . 1.86
170773 203 1.53 26 5.26 ± 0.65 3.72 ± 0.05 52 ± 2 1.95 ± 0.06 52.9 . . . . . . . . . 2.87
218396 282 2.05 24 5.22 ± 0.34 3.78 ± 0.04 52 ± 2 2.11 ± 0.07 28.4 3 254 7.82 6.48
109085 142 2.12 35 7.58 ± 2.51 2.47 ± 0.13 35 ± 1 1.01 ± 0.03 1.53 3 253 14.0 3.05
27290 129 2.55 39 0.03 ± 0.43 3.21 ± 0.05 57 ± 4 1.48 ± 0.09 1.95 . . . . . . . . . 7.23
95086 272 2.74 27 1.39 ± 0.26 3.55 ± 0.03 63 ± 3 2.29 ± 0.10 137 7 170 16.3 1.32
195627 171 2.89 35 5.50 ± 0.44 3.73 ± 0.05 57 ± 2 1.64 ± 0.07 9.78 1 393 5.46 2.33
20320 149 3.82 41 9.61 ± 1.18 4.02 ± 0.11 63 ± 2 1.54 ± 0.06 1.09 7 184 1.33 0.41
21997 170 4.09 39 9.81 ± 1.23 3.91 ± 0.08 57 ± 2 1.47 ± 0.05 35.1 37 84 17.4 0.49
110411 118 4.18 47 4.70 ± 0.31 4.18 ± 0.10 84 ± 1 1.78 ± 0.02 4.44 6 212 3.06 5.10
142091 127 4.65 46 1.24 ± 0.58 3.36 ± 0.06 69 ± 3 1.50 ± 0.06 5.28 . . . . . . . . . 7.86
102647 44 4.67 80 5.37 ± 0.19 4.31 ± 0.03 112 ± 4 1.41 ± 0.06 2.15 3 300 2.61 19.50
125162 116 5.27 51 3.05 ± 0.32 3.56 ± 0.04 76 ± 3 1.50 ± 0.05 3.81 8 193 2.29 4.10
216956 127 5.21 49 4.44 ± 0.48 3.33 ± 0.05 63 ± 2 1.29 ± 0.03 7.04 . . . . . . . . . 2.77
17848 223 5.37 37 9.31 ± 1.88 3.83 ± 0.12 57 ± 2 1.54 ± 0.06 4.31 20 124 1.91 3.58
9672 170 5.42 42 3.27 ± 0.55 3.55 ± 0.03 69 ± 1 1.63 ± 0.02 77.8 10 171 14.3 1.22
71722 128 6.02 48 4.27 ± 0.39 3.80 ± 0.09 76 ± 2 1.59 ± 0.04 8.82 6 226 5.09 1.91
182681 195 7.55 44 3.92 ± 0.88 3.74 ± 0.07 76 ± 3 1.72 ± 0.07 18.6 9 210 7.11 0.88
14055 164 7.59 48 4.72 ± 0.40 3.37 ± 0.04 63 ± 1 1.30 ± 0.02 6.19 13 171 2.58 1.35
161868 143 7.78 52 12.40 ± 2.36 3.75 ± 0.13 63 ± 3 1.20 ± 0.06 4.84 29 116 4.29 2.91
188228 102 7.92 62 1.27 ± 0.73 3.20 ± 0.15 84 ± 5 1.35 ± 0.08 0.42 . . . . . . . . . 1.68
10939 199 8.94 46 6.19 ± 1.45 3.38 ± 0.07 63 ± 3 1.35 ± 0.06 7.24 17 157 1.83 3.14
71155 85 9.83 73 8.09 ± 0.24 6.84 ± 0.33 102 ± 1 1.39 ± 0.01 1.59 14 184 1.83 2.18
172167 108 12.85 61 15.30 ± 3.09 3.40 ± 0.08 69 ± 2 1.13 ± 0.03 1.30 . . . . . . . . . 8.40
139006 61 11.60 98 11.50 ± 0.54 5.47 ± 0.24 102 ± 1 1.05 ± 0.01 0.84 17 188 0.68 2.38
95418 62 15.12 97 7.59 ± 0.59 4.20 ± 0.14 112 ± 5 1.15 ± 0.05 1.00 . . . . . . . . . 5.21
13161 154 10.66 65 28.30 ± 1.55 4.55 ± 0.14 57 ± 3 0.87 ± 0.04 1.22 42 126 2.18 3.25
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 1.65 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
90
B.2. ASTROSILICATE AND VACUUM
B.2.2 10% Astrosilicate and 90% Vacuum
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 0.01 ± 2.62 3.46 ± 0.12 47 ± 2 3.14 ± 0.14 6.48 . . . . . . . . . 1.10
197481 37 . . . 23 0.23 ± 3.85 1.81 ± 0.13 43 ± 1 1.87 ± 0.04 38.7 . . . . . . . . . 25.00
128311 58 . . . 27 6.68 ± 2.44 1.61 ± 0.10 43 ± 1 1.59 ± 0.04 2.78 . . . . . . . . . 1.69
192263 53 . . . 28 45.50 ± 3.61 4.57 ± 0.30 63 ± 2 2.20 ± 0.08 2.83 . . . . . . . . . 0.20
92945 72 . . . 25 16.00 ± 2.83 2.78 ± 0.06 47 ± 1 1.85 ± 0.06 58.8 . . . . . . . . . 2.92
23484 93 . . . 23 0.05 ± 1.67 2.69 ± 0.07 47 ± 2 2.04 ± 0.09 7.32 . . . . . . . . . 4.61
131511 74 . . . 27 0.02 ± 1.17 3.33 ± 0.14 69 ± 4 2.57 ± 0.16 0.67 . . . . . . . . . 14.33
166 40 . . . 39 13.20 ± 3.07 3.94 ± 0.13 84 ± 4 2.17 ± 0.11 4.67 0.2 512 19.9 1.36
104860 113 . . . 27 2.31 ± 1.36 1.75 ± 0.08 47 ± 2 1.73 ± 0.07 50.4 . . . . . . . . . 8.00
207129 144 . . . 24 0.05 ± 0.48 3.06 ± 0.01 52 ± 1 2.11 ± 0.04 0.86 . . . . . . . . . 18.60
10647 114 . . . 29 17.20 ± 3.19 -1.68 ± 0.26 43 ± 2 1.48 ± 0.08 4.14 24 63 25.7 14.28
48682 129 . . . 28 0.05 ± 0.63 2.98 ± 0.02 57 ± 1 2.01 ± 0.04 5.89 . . . . . . . . . 23.86
50571 139 . . . 31 2.96 ± 5.36 2.25 ± 0.11 52 ± 1 1.65 ± 0.03 12.2 . . . . . . . . . 3.06
170773 203 . . . 26 0.09 ± 1.66 2.25 ± 0.07 47 ± 1 1.77 ± 0.04 54.2 . . . . . . . . . 6.39
218396 282 1.54 24 6.59 ± 2.79 2.77 ± 0.05 47 ± 1 1.92 ± 0.04 28.1 2 287 8.61 11.11
109085 142 0.93 35 5.29 ± 1.54 1.18 ± 0.27 52 ± 1 1.50 ± 0.03 1.50 1 347 20.2 48.25
27290 129 2.93 39 0.11 ± 2.25 1.69 ± 0.25 57 ± 3 1.48 ± 0.06 1.29 . . . . . . . . . 13.55
95086 272 4.68 27 3.97 ± 1.58 2.43 ± 0.07 47 ± 2 1.71 ± 0.07 85.4 29 84 54.9 5.23
195627 171 5.08 35 3.84 ± 2.48 2.28 ± 0.08 57 ± 2 1.64 ± 0.06 9.50 2 373 5.14 5.39
20320 149 10.88 41 24.60 ± 3.49 2.29 ± 0.13 63 ± 3 1.54 ± 0.07 1.19 6 205 1.38 0.43
21997 170 13.59 39 20.70 ± 7.37 -1.53 ± 0.17 52 ± 2 1.33 ± 0.06 27.7 42 78 22.6 1.08
110411 118 15.33 47 14.90 ± 1.81 3.19 ± 0.06 84 ± 1 1.78 ± 0.02 4.90 3 302 3.73 5.83
142091 127 9.19 46 0.11 ± 1.35 1.85 ± 0.17 63 ± 1 1.36 ± 0.02 3.86 . . . . . . . . . 27.90
102647 44 17.15 80 110.00 ± 3.20 5.92 ± 0.42 102 ± 5 1.28 ± 0.06 2.19 3 300 2.56 20.75
125162 116 21.11 51 15.70 ± 3.82 1.97 ± 0.33 69 ± 3 1.36 ± 0.06 2.49 16 137 2.90 8.58
216956 127 20.00 49 0.01 ± 2.20 -4.29 ± 0.90 57 ± 13 1.17 ± 0.27 6.34 . . . . . . . . . 9.94
17848 223 20.70 37 6.70 ± 3.14 1.23 ± 0.16 52 ± 1 1.40 ± 0.03 4.05 22 118 2.04 4.75
9672 170 21.97 42 36.60 ± 3.32 -1.42 ± 0.23 52 ± 3 1.22 ± 0.07 32.7 41 87 50.1 3.64
71722 128 25.29 48 5.11 ± 2.19 2.81 ± 0.05 76 ± 1 1.59 ± 0.02 9.02 5 248 4.76 1.04
182681 195 34.65 44 11.80 ± 1.56 2.21 ± 0.25 63 ± 1 1.41 ± 0.03 14.8 10 199 7.82 9.48
14055 164 34.22 48 5.79 ± 1.05 -1.30 ± 0.26 57 ± 2 1.18 ± 0.03 4.90 26 121 3.34 7.89
161868 143 35.09 52 13.20 ± 1.72 -0.84 ± 0.17 63 ± 1 1.20 ± 0.02 4.92 34 108 4.60 4.50
188228 102 36.82 62 0.02 ± 2.04 2.64 ± 0.05 84 ± 4 1.35 ± 0.06 0.43 . . . . . . . . . 3.12
10939 199 41.45 46 26.20 ± 8.13 -3.85 ± 0.79 57 ± 5 1.23 ± 0.10 6.62 26 129 2.17 6.08
71155 85 76.73 73 14.50 ± 8.03 3.39 ± 0.21 112 ± 1 1.53 ± 0.01 2.53 0.1 2050 72.8 19.43
172167 108 62.45 61 0.01 ± 17.76 -6.30 ± 0.78 76 ± 22 1.24 ± 0.36 1.46 . . . . . . . . . 9.76
139006 61 55.67 98 23.70 ± 3.18 2.65 ± 0.05 112 ± 4 1.15 ± 0.04 1.16 0.04 3830 172 6.63
95418 62 74.09 97 289.00 ± 1.76 9.04 ± 0.30 102 ± 1 1.05 ± 0.01 0.98 . . . . . . . . . 5.44
13161 154 49.59 65 58.80 ± 2.73 -2.26 ± 0.52 69 ± 3 1.06 ± 0.04 1.43 62 104 2.33 12.70
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 0.33 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
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B.3 Carbon (ACAR)
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 1.28 ± 0.48 3.48 ± 0.27 26 ± 9 1.75 ± 0.61 8.72 . . . . . . . . . 0.79
197481 37 . . . 23 1.00 ± 0.15 3.55 ± 0.04 52 ± 3 2.27 ± 0.13 50.8 . . . . . . . . . 0.66
128311 58 0.46 27 2.52 ± 1.79 3.43 ± 0.52 35 ± 5 1.31 ± 0.18 3.20 . . . . . . . . . 1.57
192263 53 0.46 28 5.02 ± 0.84 6.46 ± 0.36 63 ± 7 2.20 ± 0.24 2.53 . . . . . . . . . 0.19
92945 72 0.51 25 4.52 ± 0.52 4.48 ± 0.25 52 ± 2 2.04 ± 0.09 57.6 . . . . . . . . . 2.76
23484 93 0.54 23 1.49 ± 0.35 3.56 ± 0.09 39 ± 3 1.68 ± 0.13 9.77 . . . . . . . . . 1.23
131511 74 0.61 27 0.03 ± 0.51 3.48 ± 0.11 124 ± 25 4.63 ± 0.93 2.28 . . . . . . . . . 5.63
166 40 0.68 39 3.30 ± 0.15 5.97 ± 0.12 92 ± 2 2.39 ± 0.04 4.76 0.2 512 21.3 1.14
104860 113 0.95 27 5.27 ± 0.20 4.22 ± 0.04 47 ± 1 1.73 ± 0.04 55.4 . . . . . . . . . 1.30
207129 144 1.00 24 3.31 ± 0.15 4.51 ± 0.05 57 ± 2 2.33 ± 0.08 9.08 . . . . . . . . . 3.90
10647 114 1.10 29 3.47 ± 0.13 4.21 ± 0.04 52 ± 3 1.79 ± 0.09 26.3 5 132 3.95 5.32
48682 129 1.24 28 2.28 ± 0.13 4.04 ± 0.03 57 ± 1 2.01 ± 0.04 7.13 . . . . . . . . . 3.44
50571 139 1.73 31 4.33 ± 0.27 4.37 ± 0.07 57 ± 3 1.82 ± 0.08 12.6 . . . . . . . . . 1.72
170773 203 1.82 26 4.15 ± 0.41 4.42 ± 0.10 52 ± 1 1.95 ± 0.04 52.9 . . . . . . . . . 3.13
218396 282 2.19 24 3.88 ± 0.15 4.40 ± 0.05 52 ± 1 2.11 ± 0.04 29.0 3 259 7.94 6.52
109085 142 2.28 35 11.90 ± 1.46 3.30 ± 0.10 35 ± 1 1.01 ± 0.03 1.27 3 220 12.6 2.05
27290 129 2.64 39 1.06 ± 0.22 3.51 ± 0.06 57 ± 3 1.48 ± 0.08 2.37 . . . . . . . . . 6.02
95086 272 2.78 27 2.82 ± 0.14 4.27 ± 0.05 57 ± 1 2.08 ± 0.04 135 8 163 17.9 1.10
195627 171 2.91 35 4.06 ± 0.18 4.38 ± 0.09 63 ± 3 1.80 ± 0.07 5.31 1 383 5.31 2.14
20320 149 3.64 41 4.82 ± 0.53 4.50 ± 0.25 63 ± 3 1.54 ± 0.07 1.16 7 193 1.36 0.45
21997 170 3.82 39 5.22 ± 0.48 4.51 ± 0.13 63 ± 3 1.61 ± 0.07 37.0 34 87 15.7 0.46
110411 118 3.89 47 3.53 ± 0.12 4.78 ± 0.15 84 ± 4 1.78 ± 0.09 4.61 5 223 3.24 5.47
142091 127 4.65 46 2.68 ± 0.17 3.85 ± 0.05 69 ± 3 1.50 ± 0.07 5.40 . . . . . . . . . 7.41
102647 44 3.88 80 3.55 ± 0.07 4.76 ± 0.03 112 ± 1 1.41 ± 0.01 2.09 3 300 2.67 17.75
125162 116 4.71 51 3.24 ± 0.13 4.12 ± 0.05 76 ± 3 1.50 ± 0.06 3.66 9 180 2.43 3.84
216956 127 4.73 49 3.57 ± 3.84 3.84 ± 0.06 69 ± 2 1.42 ± 0.04 7.41 . . . . . . . . . 2.96
17848 223 4.73 37 5.51 ± 0.51 4.50 ± 0.17 57 ± 2 1.54 ± 0.06 4.21 20 124 1.93 3.38
9672 170 4.79 42 3.48 ± 0.37 4.18 ± 0.05 69 ± 2 1.63 ± 0.04 74.8 13 156 17.7 0.52
71722 128 5.34 48 3.39 ± 0.14 4.28 ± 0.13 76 ± 4 1.59 ± 0.08 8.88 6 222 5.11 1.73
182681 195 6.50 44 2.23 ± 0.08 3.92 ± 0.04 76 ± 2 1.72 ± 0.05 19.6 4 303 5.06 22.00
14055 164 6.57 48 3.80 ± 0.14 3.92 ± 0.04 69 ± 1 1.43 ± 0.02 6.56 12 177 2.64 3.70
161868 143 6.72 52 6.12 ± 0.70 4.31 ± 0.17 63 ± 4 1.20 ± 0.07 4.75 29 116 4.35 2.50
188228 102 6.77 62 2.29 ± 0.22 3.58 ± 0.08 84 ± 4 1.35 ± 0.06 0.42 . . . . . . . . . 1.68
10939 199 7.59 46 4.19 ± 0.28 3.82 ± 0.07 63 ± 1 1.35 ± 0.02 7.27 18 156 1.87 3.64
71155 85 8.33 73 4.25 ± 0.11 6.59 ± 0.16 102 ± 4 1.39 ± 0.05 1.77 10 214 2.00 5.40
172167 108 10.94 61 9.29 ± 0.17 4.42 ± 0.03 63 ± 1 1.02 ± 0.02 1.20 . . . . . . . . . 9.20
139006 61 9.90 98 5.20 ± 0.16 5.81 ± 0.20 102 ± 1 1.05 ± 0.01 0.91 14 207 0.70 2.92
95418 62 12.85 97 4.25 ± 0.17 4.74 ± 0.09 112 ± 4 1.15 ± 0.04 1.03 . . . . . . . . . 5.43
13161 154 9.17 65 10.10 ± 0.37 5.32 ± 0.22 63 ± 2 0.96 ± 0.03 1.21 40 128 2.18 3.55
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 1.95 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
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B.4. ASTROSILICATE AND CARBON (ACAR)
B.4 Astrosilicate and Carbon (ACAR)
HD
Cold Component Warm Component
χ2redRdisc sblow TBB smin q Td Td/TBB fd Rdisc Td fd
GJ 581 38 . . . 15 1.38 ± 0.66 3.43 ± 0.24 25 ± 9 1.66 ± 0.63 8.83 . . . . . . . . . 0.78
197481 37 . . . 23 1.02 ± 0.16 3.55 ± 0.04 59 ± 3 2.59 ± 0.14 51.2 . . . . . . . . . 0.97
128311 58 0.35 27 2.70 ± 2.26 3.40 ± 0.56 35 ± 6 1.30 ± 0.21 3.23 . . . . . . . . . 1.57
192263 53 0.35 28 5.18 ± 1.01 5.71 ± 0.34 65 ± 6 2.28 ± 0.21 2.66 . . . . . . . . . 0.19
92945 72 0.38 25 5.95 ± 0.44 4.63 ± 0.11 51 ± 1 2.01 ± 0.05 55.4 . . . . . . . . . 2.84
23484 93 0.42 23 1.64 ± 0.37 3.54 ± 0.08 38 ± 4 1.66 ± 0.15 9.70 . . . . . . . . . 1.62
131511 74 0.46 27 0.01 ± 0.38 3.50 ± 0.10 124 ± 24 4.63 ± 0.90 2.15 . . . . . . . . . 6.30
166 40 0.51 39 3.57 ± 0.20 5.64 ± 0.17 92 ± 2 2.39 ± 0.04 4.72 0.2 512 21.3 1.08
104860 113 0.74 27 6.41 ± 0.25 4.25 ± 0.05 46 ± 1 1.71 ± 0.04 54.4 . . . . . . . . . 1.49
207129 144 0.78 24 4.04 ± 0.18 4.51 ± 0.06 56 ± 1 2.30 ± 0.05 8.78 . . . . . . . . . 4.70
10647 114 0.87 29 3.97 ± 0.17 4.21 ± 0.04 56 ± 1 1.95 ± 0.03 26.1 6 127 4.17 4.62
48682 129 0.98 28 2.39 ± 0.04 3.97 ± 0.04 59 ± 1 2.08 ± 0.05 7.18 . . . . . . . . . 3.14
50571 139 1.35 31 5.00 ± 0.54 4.36 ± 0.11 56 ± 2 1.79 ± 0.05 12.5 . . . . . . . . . 1.78
170773 203 1.40 26 6.07 ± 0.50 4.65 ± 0.09 51 ± 1 1.93 ± 0.05 48.8 . . . . . . . . . 3.57
218396 282 1.71 24 4.47 ± 0.22 4.40 ± 0.05 52 ± 1 2.11 ± 0.04 28.6 3 259 8.00 6.97
109085 142 1.74 35 12.60 ± 1.10 3.27 ± 0.08 35 ± 1 1.00 ± 0.03 1.21 4 212 12.3 2.70
27290 129 2.03 39 1.09 ± 0.24 3.50 ± 0.06 62 ± 4 1.60 ± 0.09 2.39 . . . . . . . . . 6.47
95086 272 2.12 27 3.00 ± 0.18 4.21 ± 0.05 59 ± 1 2.15 ± 0.04 134 8 160 17.9 1.49
195627 171 2.25 35 4.63 ± 0.17 4.39 ± 0.06 62 ± 1 1.77 ± 0.03 10.0 1 391 5.56 2.23
20320 149 2.80 41 5.97 ± 0.73 4.55 ± 0.26 62 ± 2 1.52 ± 0.06 1.08 7 186 1.35 0.46
21997 170 2.94 39 6.53 ± 0.56 4.62 ± 0.12 59 ± 2 1.52 ± 0.05 34.0 36 84 17.5 0.48
110411 118 2.95 47 3.99 ± 0.11 4.84 ± 0.08 87 ± 2 1.84 ± 0.04 4.58 5 219 3.20 4.90
142091 127 3.54 46 2.90 ± 0.23 3.85 ± 0.09 71 ± 3 1.55 ± 0.06 5.47 . . . . . . . . . 7.31
102647 44 3.23 80 3.96 ± 0.15 4.76 ± 0.13 112 ± 1 1.41 ± 0.01 2.09 3 300 2.67 17.75
125162 116 3.61 51 3.69 ± 0.14 4.15 ± 0.05 79 ± 2 1.54 ± 0.04 3.61 9 180 2.49 3.86
216956 127 3.55 49 4.04 ± 0.18 3.89 ± 0.05 68 ± 2 1.40 ± 0.03 7.50 . . . . . . . . . 3.01
17848 223 3.61 37 6.42 ± 0.67 4.51 ± 0.18 56 ± 2 1.52 ± 0.05 4.16 20 123 1.95 3.38
9672 170 3.61 42 4.02 ± 0.38 4.20 ± 0.05 71 ± 2 1.68 ± 0.05 73.0 13 153 18.7 0.49
71722 128 4.06 48 3.28 ± 0.21 3.91 ± 0.17 75 ± 3 1.56 ± 0.06 8.92 6 228 4.93 3.80
182681 195 4.97 44 3.67 ± 0.40 4.38 ± 0.08 79 ± 3 1.77 ± 0.06 19.7 9 209 7.19 2.56
14055 164 5.02 48 4.19 ± 0.14 3.94 ± 0.05 68 ± 1 1.41 ± 0.03 6.71 11 189 2.67 4.01
161868 143 5.03 52 7.39 ± 0.59 4.42 ± 0.11 62 ± 3 1.18 ± 0.05 4.58 29 115 4.41 2.50
188228 102 5.09 62 2.36 ± 0.35 3.55 ± 0.10 83 ± 3 1.33 ± 0.05 0.42 . . . . . . . . . 1.67
10939 199 5.70 46 4.61 ± 0.24 3.86 ± 0.05 65 ± 2 1.40 ± 0.03 7.39 16 162 1.84 3.90
71155 85 6.21 73 4.85 ± 0.14 6.59 ± 0.31 105 ± 2 1.43 ± 0.02 1.73 11 208 2.01 4.07
172167 108 8.26 61 10.50 ± 0.45 4.41 ± 0.06 62 ± 1 1.01 ± 0.02 1.16 . . . . . . . . . 9.60
139006 61 7.42 98 5.63 ± 0.27 5.48 ± 0.27 100 ± 3 1.02 ± 0.03 0.94 13 213 0.68 2.91
95418 62 9.61 97 4.84 ± 0.25 4.79 ± 0.24 110 ± 3 1.13 ± 0.03 1.03 . . . . . . . . . 5.41
13161 154 6.88 65 12.30 ± 0.36 5.88 ± 0.23 53 ± 1 0.82 ± 0.02 0.96 48 117 2.39 4.08
Notes:
(1) The disc radii are given in AU, the temperatures in K and smin, sblow in ➭m and the fractional
luminosity in 10−5. (2) For the values of sblow the equation of Burns et al. (1979) (see Equation (2.16))
was used with a material density of ̺ = 2.63 g/cm3. Qpr was averaged over the stellar spectrum. (3)
The warm component is treated as blackbody. Therefore, the given Rdisc and Td are blackbody radius
or temperature, respectively.
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AppendixC List of resolved debris discs
No HD HIP SpT d [pc] Vmag Reference
1 105 490 G0V 40.0 7.53 Donaldson et al. (2012)
2 166 544 K0V 14.0 6.13 Eiroa et al. (2013)
3 377 682 G2V 39.1 7.59 Choquet et al. (2016); Steele et al. (2016)
4 8907 6878 F8 34.8 6.66 Steele et al. (2016)
5 9672 7345 A1V 59.4 5.62 Roberge et al. (2013)
6 10647 7978 F9V 17.0 5.52 Liseau et al. (2010); Eiroa et al. (2013)
7 10700 8102 G8.5V 4.0 3.50 Greaves et al. (2004); Di Folco et al. (2004)
8 10939 8241 A1V 62.0 5.04 Moo´r et al. (2015)
9 13161 10064 A5III 39.0 3.00 Kennedy et al. (2012b); Booth et al. (2013)
10 14055 10670 A1Vnn 34.0 4.00 Booth et al. (2013)
11 15115 11360 F2D 45.0 6.80 Kalas et al. (2007b)
12 15745 11847 F2V 63.0 7.49 Kalas et al. (2007a)
13 16743 12361 F1III/IV4 58.9 6.77 Moo´r et al. (2015)
14 17848 13141 A2V 50.0 5.26 Moo´r et al. (2015)
15 17925 13402 K1V 10.0 6.00 Eiroa et al. (2013)
16 19994 14954 F8V 23.0 5.08 Eiroa et al. (2013)
17 20320 15197 kA4hA9mA9V 34.0 4.79 Booth et al. (2013)
18 20794 15510 G8III 6.1 4.27 Kennedy et al. (2015); Montesinos et al. (2016)
19 20807 15371 G0V 12.0 5.24 Liseau et al. (2010); Eiroa et al. (2013)
20 21997 16449 A3IV/V 72.0 6.37 Moo´r et al. (2013b)
21 22049 16537 K2Vk 3.0 3.73 Greaves et al. (1998)
22 22484 16852 F9IV/V 14.0 4.30 Montesinos et al. (2016)
23 23484 17439 K2V 16.0 7.00 Marshall et al. (2013); Eiroa et al. (2013)
24 27290 19893 F1V 20.0 4.20 Broekhoven-Fiene et al. (2013)
25 30447 22226 F3V 80.0 7.86 Soummer et al. (2014)
26 30495 22263 G1.5VCH-0.5 13.0 5.50 Eiroa et al. (2013); Marshall et al. (2014a)
27 31295 22845 A3Va 35.7 4.66 Draper et al. (2016b)
28 32297 23451 A0V 112.0 8.14 Kalas et al. (2006); Donaldson et al. (2013)
29 35650 25283 K5V 18.0 9.05 Choquet et al. (2016)
30 35841 . . . F3V 96.0 8.90 Soummer et al. (2014)
31 38678 27288 A2IV-V(n) 22.0 3.55 Moerchen et al. (2007, 2010)
32 38858 27435 G2V 15.2 5.97 Krist et al. (2012); Kennedy et al. (2015)
33 39060 27321 A6V 19.0 3.86 Di Folco et al. (2004); Golimowski et al. (2006)
34 43834 29271 G7V 10.0 5.09 Eiroa et al. (2011)
35 48682 32480 G0V 17.0 5.25 Eiroa et al. (2013)
36 50571 32775 F5VFe+0.4 34.0 6.11 Moo´r et al. (2015)
37 53143 33690 G9V 18.0 6.80 Kalas et al. (2006)
38 61005 36948 G8Vk 35.0 8.22 Ricarte et al. (2013)
39 69830 40693 G8+V 12.5 5.95 Smith et al. (2009b); Beichman et al. (2011)
40 70313 41152 A3V 50.0 5.54 Morales et al. (2013)
41 71155 41307 A0V 38.0 3.90 Moerchen et al. (2010); Booth et al. (2013)
42 71722 41373 A0V 69.0 6.05 Morales et al. (2013)
43 76582 44001 F0IV 46.1 5.69 Marshall et al. (2016)
44 82943 47007 F9VFe+0.5 27.5 6.53 Kennedy et al. (2013)
45 84870 48164 A3 88.0 7.19 Eiroa et al. (2011)
46 88230 49908 K8V 5.0 6.61 Eiroa et al. (2013)
47 90089 51502 F2V 22.0 5.26 Eiroa et al. (2013)
48 90839 51459 F8V 13.0 4.83 Eiroa et al. (2013)
49 92945 52462 K1V 21.0 7.72 Golimowski et al. (2011)
50 95086 53524 A8III 90.0 7.36 Moo´r et al. (2013a)
51 95418 53910 A1IVps 24.0 2.35 Matthews et al. (2010); Booth et al. (2013)
52 98800 55505 K4V 45.0 9.11 Andrews et al. (2010)
53 102647 57632 A3Va 11.0 2.13 Matthews et al. (2010); Churcher et al. (2011a)
54 104860 58876 F8 45.0 7.91 Morales et al. (2013)
55 106906 59960 F5V 91.8 7.81 Lagrange et al. (2016)
56 107146 60074 G2V 27.0 7.01 Ardila et al. (2004)
57 109085 61174 F2V 18.0 4.31 Matthews et al. (2010); Ducheˆne et al. (2014)
58 109573 61498 A0 72.8 5.78 Schneider et al. (1999)
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59 110411 61960 A0V 36.0 4.87 Booth et al. (2013)
60 110897 62207 G0V 17.0 6.00 Eiroa et al. (2013); Marshall et al. (2014a)
61 111520 62657 F5/6V 108.0 8.87 Draper et al. (2016a)
62 113337 63584 F6V 36.9 6.03 Su et al. (2013a)
63 113766 63975 F3/5V+F6V 122.5 7.56 Smith et al. (2012); Olofsson et al. (2013)
64 115617 64924 G7V 9.0 4.74 Wyatt et al. (2012)
65 125162 69732 A0p 30.0 4.18 Booth et al. (2013)
66 127821 70952 F4IV 31.8 6.11 Su et al. (2013a)
67 128311 71395 K3V 16.5 7.45 Jonathan P. Marshall, this work
68 131511 72848 K0V 11.5 6.01 Marshall et al. (2014a)
69 131835 73145 A2 122.0 7.86 Hung et al. (2015)
70 139006 76267 A0V 23.0 2.21 Kennedy et al. (2012b); Booth et al. (2013)
71 139664 76829 F5V 17.0 4.64 Kalas et al. (2006)
72 141569 77542 A0Ve 116.1 7.12 Augereau et al. (1999)
73 141943 . . . G2V 67.0 7.85 Soummer et al. (2014)
74 142091 77655 K1IVa 30.0 4.80 Bonsor et al. (2012)
75 146897 79977 F2/F3V 122.7 9.11 Thalmann et al. (2013)
76 158633 85235 K0V 13.0 6.43 Eiroa et al. (2013)
77 159492 86305 A5IV-V 45.0 5.25 Morales et al. (2013)
78 161868 87108 A0V 32.0 3.75 Moo´r et al. (2015)
79 165908 88745 F7V 16.0 5.07 Kennedy et al. (2012a)
80 170773 90936 F5V 37.0 6.24 Moo´r et al. (2015)
81 172167 91262 A0V 8.0 0.03 Sibthorpe et al. (2010)
82 172555 92024 A7V 28.5 4.78 Smith et al. (2012)
83 173667 92043 F6V 19.0 4.20 Eiroa et al. (2013)
84 181296 95261 A0V 48.0 5.02 Smith et al. (2009a)
85 181327 95270 F6V 52.0 7.04 Schneider et al. (2006); Lebreton et al. (2013)
86 181869 95347 B8V 56.0 3.95 Moerchen et al. (2010)
87 182681 95619 B9V 70.0 5.65 Moo´r et al. (2015)
88 188228 98495 A0Va 32.0 3.95 Booth et al. (2013)
89 191089 99273 F5V 52.0 7.18 Churcher et al. (2011a); Soummer et al. (2014)
90 192263 99711 K2.5V 19.3 7.77 Jonathan P. Marshall, this work
91 195627 101612 F0V 28.0 4.76 Moo´r et al. (2015)
92 197481 102409 M1Ve 10.0 8.61 Krist et al. (2005)
93 202628 105184 G5V 24.0 6.75 Krist et al. (2012)
94 202917 105388 G7V 43.0 8.67 Soummer et al. (2014)
95 207129 107649 G2V 16.0 5.58 Krist et al. (2010)
96 216956 113368 A4V 8.0 1.16 Acke et al. (2012)
97 218396 114189 A5V 39.0 5.95 Su et al. (2009)
98 TWA 7 . . . M3.2 34.5 10.91 Choquet et al. (2016)
99 GJ 581 74995 M5V 6.0 10.61 Lestrade et al. (2012)
100 TWA 25 . . . M0.5 54.0 11.41 Choquet et al. (2016)
Table C.1: Resolved debris discs sorted by HD number. Column SpT gives the spec-
tral type, d the distance to the observer and Vmag the apparent magnitude in the V
band. We used values from SIMBAD (http://simbad.u-strasbg.fr/simbad/sim-fid).
Spatially resolution of the discs is reported in the literature cited under Reference.
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